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I .  INTRODUCTION 
The  f i l amen tous  bac te r i a  F rank ia  , has  t he  ab i l i t y  t o  
i n f ec t  and  f o rm  a  mu tua l i s t i c  symb ios i s  w i t h  ac t i no rh i za l  
hos t  p l an t s .  Th i s  r e l a t i onsh ip  a l l ows  t he  endophy te  t o  
conve r t  l a rge  quan t i t i e s  o f  a tmosphe r i c  n i t r ogen  t o  a  f o rm  
usab le  by  t he  hos t  p l an t .  These  quan t i t i e s  o f  n i t r ogen  a re  
conve r ted  t o  o rgan i c  f o rms  wh i ch  even tua l l y  p rov ide  n i t r ogen  
en r i chmen t  o f  t he  su r round ing  so i l  t h rough  l i t t e r f a l l .  
Va r i ous  s tud ies  have  shown  annua l  n i t r ogen  f i xa t i on  ra tes  o f  
ac t i no rh i za l  t r ees  rang ing  f r om 60  t o  200  kg /ha / y r  
(S i l ves te r ,  1977 ;  Akke rmans  and  Van  D i j k ,  1976 ;  Zav i t kovsk i  
and  Newton ,  1968 ) .  Repo r t s  o f  so i l  n i t r ogen  accumu la t i on  
unde r  ac t i no rh i za l  p l an t s  range  f r om 36  t o  124  kg /ha / y r  
(Ta r ran t  and  M i l l e r ,  1963 ;  Co le  e t  a l . ,  1978 ;  Ta r ran t  e t  
a l . ,  1969 ) .  The  capac i t y  t o  p rov ide  so i l  n i t r ogen  
en r i chmen t  has  s t imu la ted  much  i n t e res t  i n  recen t  yea rs  i n  
deve lop ing  t hese  p l an t s  as  a  b i o l og i ca l  n i t r ogen  sou rce  f o r  
f o res t  f e r t i l i za t i on  (Ponde r  e t  a l . ,  1980 ;  DeBe l l  and  
Radman ,  1979 ) .  Mos t  ac t i no rh i za l  p l an t s  a re  p i onee r  spec ies  
ab le  t o  su rv i ve  unde r  cond i t i ons  l ess  conduc i ve  t o  o the r  
p l an t  l i f e .  I n  add i t i on ,  t hese  symb io t i c  n i t r ogen  f i xe r s  
a re  rep resen ted  by  spec ies  whose  na tu ra l  hab i t a t s  
cha rac te r i ze  t he  ma jo r i t y  o f  eco log i ca l  cond i t i ons  occu r r i ng  
on  t he  ea r t h .  These  qua l i t i e s  make  ac t i no rh i za l  p l an t s  
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p r ime  cand ida tes  f o r  u t i l i za t i on  i n  m ine  spo i l  and  l and  
rec l ama t i on ,  and  coas ta l  zone  managemen t .  
I n  o rde r  t o  a t t a i n  max imum bene f i t  f r om ac t i no rh i za l  
p l an t s ,  howeve r ,  a  be t t e r  unde rs tand ing  o f  t he  cond i t i ons  
t ha t  a f f ec t  t he i r  deve lopmen t  i s  needed .  The  capac i t y  o f  
ac t i no rh i za l  p l an t s  t o  f i x  n i t r ogen  i s  dependen t  on  t he i r  
i n f ec t i on  by  t he  F rank ia  endophy te .  Resea rch  t o  da te  has  
f ocused  p r ima r i l y  on  t he  symb io t i c  s tage  o f  t h i s  endophy te  
wh i l e  l i t t l e  a t t en t i on  has  been  g i ven  t o  i t s  ex i s tence  
ou t s i de  t ha t  r e l a t i onsh ip .  A l t hough  t he  impo r tance  o f  
ma in ta i n i ng  v i ab le  so i l  popu la t i ons  o f  t he  endophy te  i s  
unde rs tood ,  t he  cond i t i ons  necessa ry  t o  ach ieve  t h i s  end  a re  
no t .  E f f o r t s  t o  s tudy  t he  asymb io t i c  s t a te  o f  F rank ia  and  
t he  f ac to r s  t ha t  i n f l uence  i t  a re  hampered  by  l ack  o f  
e f f ec t i ve  p rocedu res  f o r  i den t i f i ca t i on  and  exam ina t i on  o f  
t hese  m ic roo rgan i sms  i n  t he i r  na tu ra l  hab i t a t .  
Based  on  t hese  c i r cums tances  t he  ob jec t i ves  o f  t h i s  
resea rch  we re  ( 1 )  t o  de te rm ine  by  b i oassay :  
a .  t he  e f f ec t s  o f  so i l  pH ,  mo i s tu re ,  and  o rgan i c  
ma t t e r  l eve l s  on  i n f ec t i on  ra tes  o f  t he  F rank ia  endophy te  i n  
a  so i l  env i r onmen t  s t udy ;  
b .  t he  e f f ec t s  o f  p l an t  cove r  on  F rank i  a  i n f ec t i on  
ra tes .  
( 2 )  t o  deve lop  an  immunoassay  su i t ab le  f o r  d i r ec t  
measu remen t  o f  F rank ia  so i l  popu la t i on  l eve l s .  Resu l t s  o f  
3 
t h i s  assay  w i l l  be  compared  w i t h  t hose  o f  t he  b i oassay  t o  
de te rm ine  wha t  co r re l a t i ons  may  ex i s t  be tween  so i l  
popu la t i on  l eve l s  and  F rank ia  i n f ec t i on  ra tes .  
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I I .  L ITERATURE REVIEW 
The  t axonomic  s t a tus  o f  n i t r ogen  f i x i ng -m ic rosymb ion t s  
i nhab i t i ng  r oo t  nodu les  o f  some  ang iospe rms  has  been  
d i sbu ted  f o r  many  yea rs .  A t  p resen t  t he  common ly  accep ted  
de f i n i t i on  o f  t h i s  genus  i s  :  "  (1 )  ac t i nomyce t i c ,  n i t r ogen -
f i x i ng ,  nodu le  f o rm ing  endophy tes  g rown  i n  pu re  cu l t u re  i n  
v i t r o  and  shown  t o :  (a )  i nduce  e f f ec t i ve  o r  i n f ec t i ve  
nodu les  i n  a  hos t  p l an t ,  and  be  capab le  o f  be ing  r e i so la ted  
f r om w i t h i n  t he  nodu les  o f  t ha t  p l an t ,  and  (b )  t o  p roduce  
non -mo t i l e  spo re -con ta i n i ng  spo rang ia  i n  submerged  l i qu i d  
cu l t u re .  Ves i c l es  may  a l so  poss ib l y  be  f o rmed .  ( 2 )  F ree  
l i v i ng  ac t i nomyce tes  hav ing  no  known  nodu le  f o rm ing  o r  
n i t r ogen - f i x i ng  capac i t y ,  bu t  wh i ch  show  t he  morpho logy  
desc r i bed  i n  1  (b )  above "  ( Lecheva l i e r  and  Lecheva l i e r ,  
1979 )  .  
E f f o r t s  t o  c l ass i f y  spec ies  w i t h i n  t he  genus  F rank ia  
have  as  ye t  been  unsuccess fu l .  Recen t  wo rk  i n  t h i s  a rea ,  
howeve r ,  has  p rov ided  s t r ong  ev idence  t ha t  de f i n i t e  
d i f f e rences  be tween  s t r a i ns  w i t h i n  t h i s  genus  do  ex i s t .  
Bake r  e t  a l .  (1981 )  showed  se ro l og i ca l  d i f f e rences  be tween  
s t r a i ns  i so l a ted  f r om the  A1  nus -Comp ton ia -My r i ca  c ross -
i nocu la t i on  g roup  and  s t r a i ns  f r om E laeagnus  hos t  p l an t s .  
Chaboud  and  La londe  (1983 )  a l so  showed  d i f f e rences  be tween  
s t r a i ns  i so l a ted  f r om the  A lnus  g roup  and  t hose  f r om the  
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E laeagnus  g roup  us ing  l ec t i n  p robes  t o  de te rm ine  b i nd ing  
spec i f i c i t y  f o r  ce r t a i n  suga rs  on  ce l l  su r f aces  o f  va r i ous  
F rank ia  s t r a i ns .  Benson  e t  a l .  (1983 )  we re  ab le  t o  f u r t he r  
d i f f e ren t i a te  t he  A1nus -Comp ton ia -My r i ca  g roup  i n t o  t h ree  
ma jo r  subg roups  by  two -d imens iona l  po l yac ry l  am i  de  ge l  
e l ec t ropho res i s  (PAGE) .  E f f o r t s  t o  c l ass i f y  s t r a i ns  o f  t he  
genus  F rank ia  have  been  made  more  d i f f i cu l t  by  r ecen t  wo rk  
dea l i ng  w i t h  hos t  p i an t -endophy te  compa t i b i l i t y .  
Gene t i ca l l y  d i f f e ren t  s t r a i ns  o f  F rank i  a  have  been  f ound  
w i t h i n  t he  same  spec ies  o f  hos t  p l an t  ( Lecheva l i e r  e t  a l . ,  
1983 )  and  even  w i t h i n  t he  same  r oo t  nodu le  (Benson  e t  a l . ,  
1983 ) .  Much  wo rk  i s  s t i l l  needed  i n  t h i s  a rea .  
As  r ep resen ted  i n  the  de f i n i t i on  o f  F rank i  a  by  
Lecheva l i e r  and  Lecheva l i e r  ( 1979 ) ,  t he  poss ib i l i t y  o f  a  
f r ee - l i v i ng  fo rm  o f  t he  m ic rosymb ion t  has  been  g i ven  
cons ide ra t i on .  Un t i l  r ecen t l y  t he  endophy te  i n f ec t i ng  
ac t i no rh i za l  p l an t s  was  t hough t  t o  be  an  ob l i ga te  symb ion t  
(Beck ing ,  1970 ) .  Repea ted  a t t emp ts  t o  i so l a te  t h i s  
m ic roo rgan i sm us ing  s tanda rd  m i c rob io l og i ca l  t echn iques  we re  
unsuccess fu l .  Ca l l aham e t  a l . ,  ( 1978 ) ,  howeve r ,  
demons t ra ted  t he  ab i l i t y  o f  F rank ia  t o  su rv i ve  ou t s i de  i t s  
hos t  i n  an  a r t i f i c i a l  med ium.  Spo res  and  hyphae  i so l a ted  
f r om roo t  nodu les  o f  Comp ton ia  pe reg r i na  we re  i nduced  t o  
g row  and  f o rm  spo rang ia  i n  pu re  cu l t u re  (Ca l l aham e t  a l . .  
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1978 ;  La londe ,  1978 ) .  By  mod i f y i ng  g row th  med ia ,  seve ra l  
F rank ia  i so l a tes  we re  capab le  o f  ves i c l e  f o rma t i on  and  
exh ib i t ed  t he  ab i l i t y  t o  f i x  n i t r ogen  (T jepkema  e t  a l . ,  
1980 ;  T j epkema  e t  a l . ,  1981 ;  Gau th ie r  e t  a l . ,  1981 ) .  D iem 
e t  a l . ,  (1982 )  and  D iem e t  a l . ,  (1983 )  demons t ra ted  t he  
ab i l i t y  o f  F rank ia  t o  g row  ou t s i de  t he  nodu le  and  a l ong  
ad jacen t  r oo t l e t s .  These  au tho rs  obse rved  co lon ies  o f  
F rank ia  g row ing  a l ong  r oo t  nodu les  o f  Casua r i na  seed l i ngs  
wh i ch  had  been  i nocu la ted  w i t h  t he  m ic rosymb ion t  unde r  
s t e r i l e  cond i t i ons .  Seed l i ngs  f ed  on l y  w i t h  1 /4  s t r eng th  N-
f r ee  Hoag land ' s  so l u t i on  suppo r ted  ex t ra  nodu la r  F rank ia  
co lon ies  i n  wh i ch  ves i c l es  and  spo rang ia  we re  f o rmed .  
I nves t i ga t i ons  by  Bu rgg raa f  and  Sh ip ton  (1982 )  and  Sh ip ton  
and  Bu rgg raa f  ( 1983 )  show  t ha t  some  F rank ia  s t r a i ns  can  g row  
unde r  nea r  chemoa i i t o t r oph i c  cond i t i ons  i n  v i t r o .  The  
cu l t i va t i on  o f  F rank ia  spec ies  i n  an  a r t i f i c i a l  med ium 
imp l i es  t he  poss ib i l i t y  t ha t  t hese  o rgan i sms  may  have  a  
f r ee - l i v i ng  s tage  unde r  na tu ra l  cond i t i ons .  Ce r ta i n  p roo f  
o f  t h i s  poss ib i l i t y  does  no t  as  ye t  ex i s t  s i nce  no  F rank ia  
spec ies  have  been  i den t i f i ed  o r  i so l a ted  d i r ec t l y  f r om the  
so i l .  
I n fo rma t i on  ava i l ab le  on  t he  so i l  b i o l ogy  o f  F rank i  a  
has  been  ga the red  us ing  an  i nd i r ec t  me thod  o f  s t udy .  Th i s  
me thod  i nvo l ves  measu remen t  o f  t he  capac i t y  o f  so i l s  t o  
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modu la te  s t e r i l e  hos t  p l an t s  as  an  i nd i ca to r  o f  endophy te  
popu la t i ons .  S tud ies  o f  t h i s  t ype  p resen t  F rank ia  as  a  
ub iqu i t ous  so i l  m i c roo rgan i sm.  A l l en  e t  a l .  (1966 )  we re  
ab le  t o  modu la te  Co r i a r i a  a rbo rea  i n  so i l s  t aken  f r om a reas  
whe re  t ha t  p l an t  had  no t  g rown  f o r  ove r  100  yea rs .  
L i kew ise ,  A lnus  v i r i d i s  p l an t s  we re  nodu la ted  w i t h  so i l  
samp les  f a r  f r om any  A lnus  sou rce  (Benecke ,  1969 ) .  So i l  
samp les  t aken  f r om such  d i ve rse  s i t es  as  a  con i f e r  
p l an ta t i on ,  ga rden ,  f i e l d ,  and  pas tu re  i nduced  nodu les  i n  
A lnus  g l u t i osa  and  My r i ca  ga le  (Rod r i quez -Ba r rueco ,  1968 ) .  
Nodu la t i on  po ten t i a l s  o f  so i l s  as  g rea t  as  t hose  unde r  A lnus  
we re  f ound  i n  g rass lands  (Benecke ,  1969 )  and  pop la r  and  
b i r ch  s tands  (Cas t ro  e t  a l . ,  1976 ) .  These  r epo r t s  l ed  Van  
D i j k  (1979 )  t o  specu la te  on  t he  poss ib i l i t y  o f  a l t e rna t i ve  
hos t  p l an t s  wh i ch  ma in ta i n  so i l  popu la t i ons  o f  F rank ia  i n  
the  absence  o f  t he i r  ac t i no rh i za l  hos t s .  
Howeve r ,  t he  accu racy  o f  nodu la t i on  po ten t i a l s  as  
e i t he r  a  qua l i t a t i ve  o r  quan t i t a t i ve  measu re  o f  so i l  
popu la t i ons  f o r  t he  F rank ia  endophy te  r ema ins  un tes ted .  
Oremus  (1975 )  sugges ted  nodu la t i on  l eve l s  i n  the  hos t  p l an t s  
may  no t  necessa r i l y  r e f l ec t  numbers  o f  i n f ec t i ve  o rgan i sms  
a l one  and  can  be  i n f l uenced  by :  
1 .  i nh i b i t i on  o f  nodu la t i on  by  o the r  m ic roo rgan i sms .  
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2 .  t he  p resence  o r  absence  o f  pa r t i cu l a r  chem ica l  
subs tances  i n  the  so i l .  
3 .  phys i ca l  p rope r t i es  o f  t he  so i l .  
O the r  r esea rche rs  have  p roposed  add i t i ona l  f ac to r s  wh i ch  may  
i n f l uence  g row th  and  i n f ec t i v i t y  o f  t he  ac t i no rh i za l  
endophy te .  
So i l  ac i d i t y  can  a f f ec t  nodu la t i on  po ten t i a l s .  Sh ip ton  
and  Bu rgg raa f  ( 1983 )  f ound  op t ima l  pH  f o r  F rank ia  i n  pu re  
cu l t u re  t o  range  f r om pH 6 .0  t o  pH  7 .5  depend ing  on  t he  
s t r a i n .  O f  t he  s t r a i ns  t es ted  i n  pu re  cu l t u re  none  g rew  
be low  pH  5 .5  o r  above  pH  9 .0 .  L i kew ise ,  Co r i a r i a  my r t i f o l i a  
g rown  i n  wa te r  cu l t u re  a t  va r i ous  pH  l eve l s  showed  no  
nodu la t i on  be low  pH  5 .0  o r  above  pH  9 .0  (Canz io  e t  a l . ,  
1978 ) .  Nodu la t i on  o f  ac t i no rh i za l  p l an t s  has  been  known  t o  
occu r  be low  pH 5 .0  unde r  na tu ra l  cond i t i ons .  Bu rgg raa f  and  
Sh ip ton  (1982 )  sugges t  t ha t  t h i s  may  be  due  t o  more  
f avo rab le  m i c ros i t es  i n i t i a t ed  by  o the r  so i l  m i c roo rgan i sms .  
O f  21  so i l  samp les  f r om va r i ous  s i t es  exam ined  by  Rod r i guez -
Ba r rueco  (1968 ) ,  12  p roduced  nodu la t i on  i n  A lnus  g l u t i nosa  
o r  My r i ca  ga le  t es t  p l an t s .  Mos t  o f  t hose  samp les  wh i ch  
f a i l ed  t o  i nduce  nodu le  s  we re  f r om s i t es  hav ing  a  so i l  pH  
be low  4 .0 .  S im i l a r  r esu l t s  occu r red  when  Bond  (1951 )  g rew  
My r i ca  ga le  i n  wa te r  cu l t u res  o f  d i f f e ren t  pH .  Mos t  p l an t s  
i nocu la ted  w i t h  a  c rushed  nodu le  suspens ion  f a i l ed  t o  
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modu la te  be low  pH  4 .  Un inocu la ted  p l an t s  g rew  we l l  be low  pH 
4  when  p rov ided  w i t h  adequa te  amoun ts  o f  n i t r ogen .  Whe the r  
t h i s  f ac to r  has  i nh i b i t o r y  e f f ec t s  on  t he  m ic rosy tnb ion t  o r  
t he  hos t  p l an t  i s  unc lea r ,  howeve r .  
A l t hough  no  da ta  ex i s t  on  t he  e f f ec t s  o f  so i l  
t empe ra tu re  on  F rank ia  g row th  and  i n f ec t i v i t y  t h i s  f ac to r  
has  been  shown  t o  i n f l uence  the  endophy te  when  g rown  i n  
v i t r o .  Op t ima l  t empe ra tu res  f o r  g row th  o f  va r i ous  s t r a i ns  
o f  F rank ia  unde r  axen i c  cond i t i ons  va r i ed  f r om 30  C  t o  35  C .  
G row th  dec reased  sha rp l y  above  and  be low  these  t empera tu res  
(Sh ip ton  and  Bu rgg raa f ,  1983 ;  Bu rgg raa f  and  Sh ip ton ,  
1982 ) .  A t  15  C  F rank ia  ceased  g row th  (Mo i round  e t  a l . ,  
1984 ) .  S t ra i ns  rema ined  v i ab le ,  howeve r ,  and  g row th  resumed  
when  t empe ra tu res  we re  r a i sed  t o  28  C .  T i sa  e t  a l .  (1983 )  
f ound  spo ru la t i on  i n  d i f f e ren t  s t r a i ns  o f  F rank i  a  t o  be  
t empe ra tu re  dependen t .  
Wa te r  po ten t i a l  may  have  a  p ro found  a f f ec t  on  g row th  o f  
so i l  m i c roo rgan i sms .  F rank ia  g rown  i n  pu re  cu l t u re  showed  a  
dec l i ne  i n  g row th  be low  a  wa te r  po ten t i a l  o f  abou t  - 2  t o  - 5  
ba rs  and  a  50% r educ t i on  i n  g row th  be tween  - 5  t o  - 8  ba rs  
(Sh ip ton  and  Bu rgg raa f ,  1982 ) .  Some  F rank ia  s t r a i ns  have  
been  shown  t o  g row  a t  wa te r  po ten t i a l s  be low  the  w i l t i ng  
po in t .  The  l owe r  l im i t  f o r  g row th  i n  pu re  cu l t u re ,  howeve r ,  
seems  t o  be  abou t  - 16  ba rs  (Sh ip ton  and  Bu rgg raa f ,  1983 ) .  
10 
As  r epo r ted  by  Sh ip ton  and  Bu rgg raa f  ( 1982 ) ,  mos t  p l an t  
i n f ec t i ng  m ic roo rgan i sms  f avo r  we t  so i l s .  These  da ta  
suppo r t  t h i s  obse rva t i on  f o r  F rank ia .  
So i l  n i t r ogen  l eve l s  have  l ong  been  shown  t o  i n f l uence  
roo t  i n f ec t i on  ra tes  o f  ac t i no r rh i za l  p l an t s .  S teward  and  
Bond  (1961 )  and  MacConne l  and  Bond  (1957 )  f ound  t ha t  h i gh  
l eve l s  o f  comb ined  n i t r ogen  added  t o  r oo t  med ia  caused  
dec l i nes  i n  nodu le  f o rma t i on  and  g row th .  Work  by  Huss -
Dane l l  e t  a l .  (1982 )  has  shown  t ha t  h i gh  l eve l s  o f  n i t r ogen  
caused  damage  t o  ves i c l es  and  dec reased  n i t r ogen  f i x i ng  
ac t i v i t y  o f  t he  nodu le .  These  same  n i t r ogen  l eve l s  d i d  no t  
a f f ec t  t he  amoun t  o f  pho tosyn tha te  supp l i ed  t o  t he  nodu le  by  
t he  hos t  p l an t ,  howeve r .  O the r  r esea rche rs  f ound  t he  mode  
o f  n i t r ogen  app l i ca t i on  was  more  impo r tan t  t han  t he  t o ta l  
amoun t  app l i ed .  I nges tad  (1980 )  and  Granha l l  e t  a l .  (1983 )  
r e p o r t e d  n o d u l a t i o n  a n d  n i t r o g e n  f i x a t i o n  t o  b e  s t i m u l a t e d  
by  h i ghe r  n i t r ogen  ra tes  as  l ong  as  n i t r ogen  l eve l s  we re  no t  
i n  excess  o f  p l an t  up take .  N i t r ogen  bu i l d  up  i n  the  so i l  
r a the r  t han  h i gh  p l an t  n i t r ogen  s ta tus  appea rs  t o  be  t he  
cause  o f  dec l i nes  i n  hos t  p l an t  i n f ec t i on .  
O the r  m i c roo rgan i sms  may  a l t e r  g row th  and  i n f ec t i v i t y  
o f  t he  F rank ia  endophy te .  Know l t on  e t  a l .  (1980 )  f ound  
i nc reased  nodu la t i on  o f  A lnus  r ub ra  when  ce r t a i n  s t r a i ns  o f  
Pseudomonas  cepac ia  we re  added  t o  s t e r i l e  hos t  p l an t s  
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i nocu la ted  w i t h  pu re ,  cu l t u res  o f  F rank ia .  I nocu la ted  p l an t s  
w i t hou t  t hese  common  so i l  bac te r i a  showed  l ow  o r  no  
nodu la t i on .  Pseudomonas  we re  t hough t  t o  a i d  nodu la t i on  by  
i nduc ing  r oo t  ha i r  cu r l i ng ,  t he  f i r s t  s tep  i n  the  i n f ec t i on  
p rocess .  Be r r y  and  To r rey  (1983 )  a l so  f ound  l owe r  l eve l s  o f  
i n f ec t i on  when  p l an t s  we re  i nocu la ted  w i t h  pu re  cu l t u res  o f  
F rank ia  ve rsus  i nocu lum wh i ch  i nc l uded  "he lpe r "  o rgan i sms  
such  as  Pseudomonas .  Dawson  e t  a l .  (1982 )  sugges ted  t ha t  
"he lpe r "  m i c roo rgan i sms  may  pos i t i ve l y  a f f ec t  a l de r  
nodu la t i on  by  neu t ra l i z i ng  pH i n  the  m ic roenv i r onmen t  and  
t hus  imp rove  i n f ec t i v i t y  o f  F rank ia .  Th i s  v i ew  was  l a t e r  
suppo r ted  by  Know! ton  and  Dawson  (1983 )  who  f ound  max imum 
i n f ec t i v i t y  o f  F rank i  a  a l one  t o  occu r  a t  pH  7 .0  wh i l e  
max imum i n f ec t i v i t y  o f  F rank ia  i nocu lum w i t h  Pseudomonas  t o  
occu r  a t  pH  5 .0  t o  6 .0 .  These  au tho rs  p roposed  t ha t  
Pseudomonas  may  neu t ra l i ze  s l i gh t l y  ac i d  med ia  a l l ow ing  
i nc reases  i n  F rank ia  g row th  as  we l l  as  p romo t i ng  hos t  p l an t  
i n f ec t i on  t h ru  r oo t  ha i r  cu r l i ng .  The  p resence  o f  
myco r rh i zae  i n  ac t i no r rh i za l  hos t  p l an t s  i s  a l so  be l i eved  t o  
imp rove  i n f ec t i v i t y  and  n i t r ogen  f i xa t i on .  Rose  and  
Youngbe rg  (1981 )  f ound  number  o f  nodu les ,  nodu le  d r y  we igh t ,  
e f f i c i ency  o f  n i t r ogenase ,  and  t o ta l  amoun t  o f  p l an t  t i s sue  
i nc reased  w i t h  p l an t s  hav ing  myco r rh i za l - ac t i no rh i za l  
assoc ia t i ons  when  compared  t o  t hose  w i t h  on l y  ac t i no rh i za l  
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assoc ia t i on .  Because  myco r rh i za l  f ung i  a re  known  t o  enhance  
up take  o f  phospho rus ,  su l f u r ,  and  me ta l s ,  g rea te r  nodu la t i on  
and  n i t r ogen  f i xa t i on  a re  p robab l y  due  t o  imp roved  p l an t  
nu t r i t i on  ra the r  t han  a  d i r ec t  i n t e rac t i on  be tween  t he  
f ungus  and  ac t i nomyce te  (Lecheva l i e r  e t  a l . ,  1982 ) .  
So i l  popu la t i ons  o f  nema todes  may  have  a  nega t i ve  
e f f ec t  on  F rank ia  i n f ec t i v i t y .  Maas  e t  a l .  (1983 )  de tec ted  
reduced  nodu la t i on  o f  sea  buck tho rn  (H ippophae  rhamno ides  
L . )  g rown  i n  so i l  i n f ec ted  w i t h  nema todes .  Lower  i n f ec t i on  
ra tes  o f  hos t  p l an t s  by  F rank i  a  may  be  caused  d i r ec t l y  by  
impa i rmen t  o f  t he  r oo t  sys tem o r  i nd i r ec t l y  by  phys io l og i ca l  
changes  i nduced  by  t he  nema todes .  
P lan t s  assoc ia ted  w i t h  a  so i l  s i t e  may  have  e i t he r  a  
pos i t i ve  o r  nega t i ve  e f f ec t  on  m i c roo rgan i sms  t ha t  popu la te  
i t .  Ac t i ve l y  g row ing  p l an t  r oo t s  exe r t  a  d i s t i nc t  se lec t i ve  
ac t i on  on  so i l  m i c roo rgan i sms  wh i ch  i s  mos t  p ronounced  i n  
the  r h i zop lane  (Szabo ,  1974 ) .  Much  o f  t h i s  se lec t i ve  ac t i on  
i s  due  t o  subs tances  l os t  o r  exuded  by  t he  p l an t  r oo t .  
Worke rs  have  f ound  t ha t  r oo t  ha i r s  o f  ac t i no r rh i za l  p l an t s  
t end  t o  g row  towa rds  F rank ia  (D iem e t  a l .  1983 )  and  t ha t  
r oo t  ha i r  de fo rma t i on  i s  co r re l a ted  t o  t he  p resence  o f  t hese  
m ic roo rgam isms  w i t hou t  ac tua l  ce l l  t o  ce l l  con tac t  o f  t he  
symb ion t  and  t he  hos t  (Bu rgg raa f  e t  a l .  1983 ) .  These  
f i nd i ngs  sugges t  t ha t  d i f f usab le  subs tances  exuded  by  t he  
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hos t  p l an t  and  t he  m ic rosymb ion t  a re  r espons ib l e  f o r  bo th  
r eac t i ons .  Roge rs  and  Wo l l um (1974 )  demons t ra ted  t he  
ab i l i t y  o f  A1nus  r oo t  ex t rac t s  t o  p ro l ong  v i r u l ence  o f  t he  
A lnus  endophy te .  Qu i spe l  ( 1979 )  a l so  showed  l oss  o f  
i n f ec t ! v i t y  cou ld  be  de layed  by  add i t i ons  o f  A lnus  r oo t  
ex t rac t s  t o  nu t r i en t  so lu t i ons  i nocu la ted  w i t h  t he  
endophy te .  He  p roposed  t ha t  l i p i ds  o f  t he  r oo t  ex t rac t  may  
p ro tec t  o r  even  i nc rease  i n f ec t i v i t y  o f  t he  F rank ia  
endophy te  w i t hou t  s t imu la t i ng  i t s  g row th .  Qu i spe l  and  Tak  
(1978 )  r epo r ted ,  howeve r ,  t ha t  hypha l  g row th  o f  t he  A1  nus  
g l u t i nosa  ( spo re  - )  endophy te  on l y  occu red  i n  nu t r i en t  med ia  
con ta i n i ng  A lnus  r oo t  ex t rac t s  and  t ha t  hpyha l  g row th  was  
co r re l a ted  w i t h  r oo t  ex t rac t  concen t ra t i on .  Success fu l  
g row th  o f  bo th  ( spo re  - )  and  ( spo re  + )  A lnus  g l u t i nosa  
endophy te  i so l a tes  we re  p roduced  by  Bu rgg raa f  e t  a l .  
( 1981 ) ,  bu t  on l y  when  a l coho l i c  r oo t  ex t rac t s  o f  A lnus  
g l u t i  nosa  we re  i nc l uded  i n  the  cu l t u re  med ium.  Sh ip ton  and  
Bu rgg raa f  ( 1983 )  f ound  ev idence  t ha t  t he  add i t i on  o f  b i o t i n  
t o  g row th  med ia  cou ld  sho r ten  t he  r egene ra t i on  t ime  o f  
F rank ia .  Th i s  v i t am in  i s  common ly  f ound  i n  roo t  exuda tes  
and  syn thes i zed  by  some  so i l  m i c roo rgan i sms .  P lan t s  may  a l so  
have  a  nega t i ve  i n f l uence  on  F rank ia  g row th  and  i n f ec t i v i t y .  
Dawson  e t  a l .  (1982 )  demons t ra ted  t he  ab i l i t y  o f  j ug lone  
f r om b lack  wa lnu t  ( Jug lans  n i g ra )  t o  i nh i b i t  F rank ia  g row th  
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i n  v i t r o .  L i kew ise ,  Oob idon  and  Th ibau l t  ( 1982 )  f ound  
ex t rac t s  o f  Popu lus  ba l sam i fe ra  i nh ib i t ed  nodu le  f o rma t i on  
i n  A lnus  c r i spa .  Th i s  a l l e l opa th i c  i nh ib i t i on  cou ld  be  a  
r esu l t  o f  d i r ec t  i n f l uence  on  t he  endophy te  o r  an  i nd i r ec t  
e f f ec t  caused  by  dec reased  r oo t  ha i r  f o rma t i on .  Da ta  
p rev ious l y  men t i oned  suppo r t  t he  v i ew  t ha t  some  non -
ac t i no rh i za l  p l an t s  may  a l so  ma in ta i n  so i l  popu la t i ons  o f  
t he  F rank ia  endophy te .  S tud ies  exam in ing  t he  i n f l uence  o f  
r oo t  exuda tes  o f  t hese  p l an t s  on  F rank ia  have  no t  been  made ,  
howeve r .  
I n  add i t i on  t o  cond i t i ons  i nduced  by  so i l s  f ac to r s ,  
o the r  m i c roo rgan i sms ,  and  p l an t s ,  modu la t i on  po ten t i a l s  may  
a l so  r e f l ec t  a  s i t ua t i on  i n  wh i ch  t he  F rank ia  endophy te  has  
neve r  been  i n t r oduced  t o  a  pa r t i cu l a r  s i t e .  Houwers  and  
Akke rmans  (1981 )  showed  l ow  nodu la t i on  po ten t i a l s  o f  many  
s i t e s  t o  b e  i n c r e a s e d  b y  i n o c u l a t i o n  w i t h  F r a n k i a ,  L o w  
nodu la t i on  po ten t i a l s  i n  t h i s  case  we re  due  t o  l ow  o r  
nonex i s ten t  popu la t i ons  o f  F rank ia  and  no t  un favo rab le  s i t e  
cond i t i ons  f o r  nodu la t i on .  The  l im i t a t i ons  o f  so i l  
nodu la t i on  po ten t i a l s  f o r  au teco log i ca l  s t udy  o f  f r ee - l i v i ng  
F rank ia  a re  ev i den t .  Co r re l a t i ons  be tween  l eve l s  o f  
i n f ec t i v i t y  and  deve lopmen t  o f  endophy te  popu la t i ons  a re  no t  
unde rs tood ,  mak ing  r esu l t s  d i f f i cu l t  t o  i n t e rp re t .  
Impo r tan t  i n f o rma t i on  on  t he  f o rms  o r  s tages  o f  deve lopmen t  
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o f  t he  m ic roo rgan i sms  i n  the  so i l ,  t he i r  g row th  pa t t e rns ,  
and  me thods  o f  t r ans loca t i on  canno t  be  de te rm ined  us ing  t h i s  
me thod .  P rocedu res  a re  ava i l ab le ,  howeve r ,  wh i ch  may  be  
ab le  t o  answer  many  o f  t hese  ques t i ons .  
Immuno log i ca l  me thods  have  been  used  f o r  many  yea rs  i n  
t he  f i e l ds  o f  med i c i ne ,  bac te r i o l ogy ,  and  m i c rob io l ogy  t o  
i den t i f y  m ic roo rgan i sms .  They  have  on l y  r ecen t l y  been  
app l i ed  t o  t he  s tudy  o f  so i l  m i c roo rgan i sms  i n  t he i r  na tu ra l  
hab i t a t s .  One  me thod ,  t he  f l uo rescen t  an t i body  (FA)  
t echn ique ,  was  success fu l y  emp loyed  by  Schm id t  e t  a l .  (1968 )  
t o  s tudy  t he  n i t r ogen  f i x i ng  bac te r i um Rh i zob ium j apon i cum.  
A  spec i f i c  an t i se rum p repa red  aga ins t  t h i s  bac te r i um was  
con juga ted  w i t h  a  f l uo rescen t  dye .  When  app l i ed  t o  so i l  
con tac t  s l i des ,  i den t i f i ca t i on  o f  Rh i  zob ium j apon i  um was  
made  by  i t s  s t rong  f l uo rescence .  Non -spec i f i c  abso rp t i on  o f  
t he  con juga te  by  so i l  pa r t i c l es  r es t r i c t ed  obse rva t i on  o f  
t he  bac te r i a  somewha t .  Th i s  p rob lem was  ove rcome  by  Boh loo l  
and  Schm id t  ( 1968 ) ,  who  p re - t r ea ted  t he i r  so i l  s l i des  w i t h  a  
ge l - r hodami  ne  con juga te  wh i ch  p reven ted  non -spec i f i c  
s t a i n i ng  and  a l so  ac ted  as  a  coun te r  s t a i n .  Fu r t he r  
mod i f i ca t i ons  o f  t he  f l uo rescen t  an t i body  t echn ique  made  i t  
use fu l  as  a  quan t i t a t i ve  measu re  o f  so i l  m i c roo rgan i sms  
(Schm id t ,  1974 ) .  S ince  t ha t  t ime ,  t he  t echn ique  has  been  
used  t o  s tudy  bac te r i a  such  as  B ie j e r i nck i a  (D iem e t  a l . .  
16 
1978 )  and  Azosp i r i 11  u rn  (Schank ,  e t  a l . ,  1979 ) ,  and  t he  
f ungus  Phaseo l  us  schw ten l t z i a  (Dewey  e t  a l . ,  1984 ) .  
Ano the r  immuno log i ca l  t echn ique  wh i ch  may  be  app l i cab le  
f o r  de tec t i on  o f  so i l  m i c roo rgan i sms  i s  . t he  enzyme  l i n ked  
immunoso rben t  assay  (EL ISA) .  A l t hough  t he re  a re  many  
va r i a t i ons  o f  t h i s  me thod ,  gene ra l l y  m i c robes  i n  samp le  
so lu t i ons  a re  bound  t o  we l l s  i n  m ic ro t i t r e  p l a tes .  Tes t  
we l l s  a re  washed  and  enzyme  l abe led  an t i bod ies  added .  The  
an t i bod ies  b i nd  t o  t he  o rgan i sm f o r  wh i ch  t hey  we re  
deve loped  i f  those  o rgan i sms  a re  p resen t ;  i f  no t ,  t he  
an t i bod ies  a re  removed  i n  the  second  wash .  Subs t ra te  i s  
t hen  added  t o  t he  enzyme  caus ing  t he  t es t  so lu t i on  t o  change  
co lo r  i n  p ropo r t i on  t o  t he  amoun t  o f  bound  m ic roo rgan i sms .  
Th i s  t echn ique  has  no t  been  success fu l l y  emp loyed  f o r  
quan t i f i ca t i on  o f  so i l  m i c roo rgan i sms  as  ye t .  I t  has  been  
shown  t o  be  use fu l  i n  o the r  app l i ca t i ons .  Yo l ken  e t  a l .  
(1983 )  used  an  EL ISA  t o  de tec t  m i c rob ia l  an t i gens  i n  body  
f l u i ds .  I n  t he  case  o f  S t rep tococcus  pneumon iae ,  o rgan i sms  
i n  concen t ra t i ons  as  l ow  as  1000  /m l  cou ld  be  de tec ted .  
EL ISA  assays  have  been  emp loyed  t o  de tec t  Sa lmone l l a  i n  
pou l t r y  f eces ,  l i t e r ,  f eed ,  and  ca rcass  r i ns i ngs  (R igby ,  
1984 ) .  Mo r tensson  e t  a l ,  (1984 )  i den t i f i ed  Rh i  zob i  um 
s t r a i ns  i n  c rushed  nodu le  so lu t i ons  f r om legumes  by  EL ISA .  
I f  p rob lems  w i t h  non -spec i f i c  b i nd ing  o f  immuno reagen ts  we re  
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ove rcome  (Yo l ken  e t  a l . ,  1983 ) ,  F .L ISA  cou ld  p rove  t o  be  an  
impo r tan t  t oo l  f o r  i den t i f i ca t i on  and  quan t i f i ca t i on  o f  so i l  
m i  c roo rgan i  sms .  
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I I I .  METHODS AND MATERIALS  
I n  o rde r  t o  de te rm ine  i f  the  F rank ia  endophy te  cou ld  
g row  ou t s i de  t he  ac t i no rh i za l  hos t  p l an t  unde r  asep t i c  
cond i t i ons  a  s t e r i l e  f l ask  s tudy  was  se t  up .  Two  g reenhouse  
po t  s t ud ies  dea l i ng  w i t h  t he  a f f ec t s  o f  so i l  env i r onmen t  and  
p l an t  cove r  t ypes  on  i n f ec t i v i t y  o f  A1nus  hos t  p l an t s  by  
F rank ia  s t r a i n  Cp l l  we re  a l so  es tab l i shed .  The  a f f ec t s  o f  
t he  va r i ous  t r ea tmen ts  on  i n f ec t i ve  so i l  popu la t i ons  o f  
F rank ia  we re  measu red  i nd i r ec t l y  w i t h  a  s t e r i l e  hos t  p l an t  
b i oassay .  F rank ia  so i l  popu la t i ons  we re  measu red  d i r ec t l y  
by  immunoassay  w i t h  Enzyme  L i nked  Immunoso rben t  Assay  
(EL ISA)  and  F luo rescen t  An t i body  (FA)  t es t s .  
A .  S te r i l e  F lask  S tudy  
P r i o r  t o  commencemen t  o f  g reenhouse  po t  s t ud ies  a  t es t  
was  se t  up  t o  de te rm ine  i f  the  F rank ia  endophy te  cou ld  
su rv i ve  and  g row  ou t s i de  t he  hos t  p l an t  unde r  s t e r i l e  
cond i t i ons .  I n  o rde r  t o  accomp l i sh  t h i s ,  twen ty - f ou r  250  m l  
E r l enmeye r  f l a sks  con ta i n i ng  50  gm each  o f  o i l - d r y  
(mon tmor i 11on i t e  c l ay ;  La londe  and  Ca l ve r t ,  1979 )  and  12  m l  
o f  N  f r ee  nu t r i en t  so lu t i on  (Append i x  B )  we re  s team 
s te r i l i zed .  S te r i l e  A lnus  g l u t i nosa  seed l i ngs  (Me thods  B l )  
we re  p l an ted  asep t i ca l l y  i n  each  f l ask .  A  s t e r i l e  
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m i c r o s c o p e  s l i d e  w a s  p l a c e d  i n  e a c h  f l a s k  h a v i n g  
a p p r o x i m a t e l y  2 5  m m  b u r i e d  i n  t h e  o i l - d r y  m e d i u m .  F l a s k s  
w e r e  c a p p e d  w i t h  s e r u m  s t o p p e r s .  C o t t o n  p l u g g e d  1 8  g a u g e  
n e e d l e s  w e r e  u s e d  t o  p u n c t u r e  t h e  s e r u m  s t o p p e r s  a n d  p r o v i d e  
s t e r i l e  a i r  f l o w .  F i v e  f l a s k s  e a c h  w e r e  t h e n  i n o c u l a t e d  
w i t h  f o u r  d i f f e r e n t  l e v e l s  o f  F r a n k i a  s t r a i n  C p l l  i n o c u l u m  
( M e t h o d s  8 2 ) .  T h e  r e m a i n i n g  f o u r  f l a s k s  w e r e  u n i n o c u l a t e d  
c o n t r o l s .  B e f o r e  i n o c u l a t i o n ,  C p l l  w a s  s o n i c a t e d  f o r  t w o  1 5  
s e c  p e r i o d s  w i t h  a  B i o s o n i k  S o n i f i e r  ( B r o n w i l l  S c i e n t i f i c ,  
R o c h e s t e r ,  N Y )  a t  a  s e t t i n g  o f  7 0 .  T h e  c e l l s  w e r e  
s e d i m e n t e d  b y  c e n t r i f u g a t i o n  a n d  w a s h e d  t w i c e  i n  s t e r i l e  
n o r m a l  s a l i n e  s o l u t i o n  a n d  t h e n  s u s p e n d e d  i n  s t e r i l e  
n u t r i e n t  s o l u t i o n  ( A p p e n d i x  B ) .  O n e  m l  u n i t s  o f  t h e  
i n o c u l u m ,  c o n c e n t r a t e d  t o  o p t i c a l  d e n s i t i e s  c o r r e s p o n d i n g  t o  
M a c F a r l a n d  s t a n d a r d s  #  1 , 3 , 6  o r  8 ,  w e r e  a d d e d  t o  t h e  f l a s k s .  
F l a s k s  w e r e  t h e n  p l a c e d  i n  a  p l a n t  g r o w t h  c h a m b e r .  
B .  E s t a b l i s h m e n t  o f  G r e e n h o u s e  P o t  E x p e r i m e n t s  
T w o  s e p a r a t e  g r e e n h o u s e  p o t  s t u d i e s  w e r e  b e g u n  i n  J u n e ,  
1 9 8 3 .  A  s o i l  e n v i r o n m e n t  s t u d y  w a s  s e t  u p  t o  e x a m i n e  t h e  
e f f e c t s  o f  s o i l  p H ,  m o i s t u r e  l e v e l ,  a n d  o r g a n i c  m a t t e r  
c o n t e n t  o n  p o p u l a t i o n  l e v e l s  o f  F r a n k i a  s t r a i n  C p l l .  E a c h  
o f  t h e  2 7  d i f f e r e n t  t r e a t m e n t s  w a s  r e p e a t e d  t h r e e  t i m e s .  
T h i s  e x p e r i m e n t  s e t  u p  o u t  i n  a  r a n d o m i z e d  c o m p l e t e  b l o c k  
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d e s i g n .  T h i s  d e s i g n  w a s  c h o s e n  t o  m i n i m i z e  v a r i a t i o n  d u e  t o  
d i f f e r e n c e s  i n  l i g h t  l e v e l s  w i t h i n  t h e  g r e e n h o u s e  d u r i n g  t h e  
d a y .  E a c h  r e p l i c a t i o n  c o n t a i n e d  s i x  u n i n o c u l a t e d  c o n t r o l  
p o t s  a n d  a l l  o t h e r  p o t s  w e r e  i n o c u l a t e d  w i t h  F r a n k i a  s t r a i n  
C p l l .  A l l  p o t s  I n  t h i s  s t u d y  c o n t a i n e d  a  s i n g l e  a l d e r  
s e e d l i n g  w h i c h  w a s  u s e d  a s  a  b i o a s s a y  f o r  s o i l  p o p u l a t i o n  
l e v e l s  o f  F r a n k i a .  
T h e  s e c o n d  p o t  s t u d y  w a s  m a d e  t o  d e t e r m i n e  t h e  e f f e c t s  
o f  v a r i o u s  p l a n t  c o v e r s  o n  s o i l  p o p u l a t i o n s  o f  F r a n k i a .  
P l a n t  c o v e r  t y p e s  i n c l u d e d  i n  t h e  s t u d y  w e r e  a l d e r  ( A l n u s  
g l u t i n o s a ) ,  h y b r i d  p o p l a r  ( P o p u l u s  x  e u r a m e r i c a n a ) ,  a n d  
b r o m e  g r a s s  ( B r o m u s  b r i z a e f o r m i s ) .  B a r e - s o i l - o n l y  p o t s  w e r e  
a l s o  i n c l u d e d  i n  t h e  s t u d y .  T e n  p o t s  w e r e  s e t  u p  f o r  e a c h  
p l a n t  c o v e r  t y p e .  S i x  p o t s  o f  e a c h  t y p e  w e r e  i n o c u l a t e d  
w i t h  F r a n k i a  s t r a i n  C p l l  w h i l e  t h e  r e m a i n i n g  f o u r  w e r e  l e f t  
u n i n o c u l a t e d  t o  b e  u s e d  a s  c o n t r o l s .  T h e  p l a n t  c o v e r  
e x p e r i m e n t  w a s  s e t  u p  i n  a  c o m p l e t e l y  r a n d o m i z e d  d e s i g n .  
P l a n t s  w e r e  h a r v e s t e d  a n d  s o i l  s a m p l e s  t a k e n  f o r  e v a l u a t i o n  
i n  b o t h  p o t  s t u d i e s  i n  J u n e ,  1 9 8 4  a f t e r  o n e  y e a r  o f  g r o w t h .  
A l l  p o t s  u s e d  i n  t h e  g r e e n h o u s e  s t u d y  w e r e  2 4  c m  
d i a m e t e r  p l a s t i c  p o t s .  T h e s e  p o t s  w e r e  s u r f a c e  s t e r i l i z e d  
p r i o r  t o  i n i t i a t i o n  o f  t h e  s t u d y  b y  s o a k i n g  f o r  3 0  m i n  i n  
2 0 %  b l e a c h  s o l u t i o n .  E a c h  p o t  w a s  f i l l e d  w i t h  a p p r o x i m a t e l y  
2 . 5  k g  o f  o i l - d r y  o r  o i l - d r y - p e a t  m i x t u r e  d e p e n d i n g  o n  t h e  
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t r e a t m e n t .  B e c a u s e  o i l - d r y  i s  a n  i n e r t ,  s t e r i l e  
m o n t m o r i 1 1 o n i t e  c l a y  ( L a i  o n d e  a n d  C a l v e r t ,  1 9 7 9 ) ,  i t  w a s  n o t  
s t e r i l i z e d  b e f o r e  u s e .  O r g a n i c  m a t t e r  ( O . M . )  u s e d  i n  t h e  
s t u d i e s  w a s  s p h a g n u m  p e a t  m o s s .  T h e  p e a t  m o s s  w a s  s t e a m  
s t e r i l i z e d  f o r  4  h o u r s  a t  1 2 0 ° C  b e f o r e  m i x i n g  w i t h  o i l - d r y  
t o  p r o d u c e  t h e  a r t i f i c i a l  p l a n t  g r o w t h  m e d i u m  r e f e r e d  t o  a s  
s o i l  t h r o u g h o u t  t h e  r e m a i n d e r  o f  t h i s  s t u d y .  T a b l e  f r a m e s  
i n  t h i s  s t u d y  w e r e  c o v e r e d  w i t h  2 . 5  c m  x  2 . 5  c m  m e s h  w e l d e d  
m e t a l  f a b r i c  c l o t h  t o  a l l o w  f o r  b e t t e r  p o t  d r a i n a g e  a n d  
l e s s e n  c h a n c e s  o f  c o n t a m i n a t i o n .  T h e  g r e e n h o u s e  l i g h t  
r e g i m e  c o n s i s t e d  o f  1 8  h r  d a y s  a n d  6  h r  n i g h t s .  A v e r a g e  
d a i l y  t e m p e r a t u r e  w a s  7 5 ° C ,  a v e r a g e  n i g h t l y  t e m p e r a t u r e  w a s  
7 0 ° C .  
1 .  P l a n t s  
P l a n t s  u s e d  i n  t h e  e x p e r i m e n t s  w e r e  a s  f o l l o w s :  
a ,  A l n u s  g l u t i n o s a  w e r e  g e r m i n a t e d  f r o m  s e e d s  t a k e n  
f r o m  t h e  s a m e  m o t h e r  t r e e .  T h e  s e e d s  w e r e  s u r f a c e  
s t e r i l i z e d  f o r  1 0  m i n  i n  2 0 %  b l e a c h  f o l l o w e d  b y  a  f o u r - f o l d  
w a s h  i n  s t e r i l e  d i s t i l l e d  w a t e r  f o r  1 5  m i n  e a c h .  S e e d s  w e r e  
t h e n  s p r e a d  o v e r  a  s u r f a c e  s t e r i l i z e d  f l a t  c o n t a i n i n g  
p e r l i t e  a n d  a l l o w e d  t o  g e r m i n a t e  u n d e r  a  g r e e n h o u s e  m i s t  
s y s t e m .  S e e d l i n g s  w e r e  p l a n t e d  i n  s a m p l e  p o t s  a f t e r  o n e  
m o n t h .  
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b .  P o p u l u s  X  e u r a m e r i c a n a  s o f t w o o d  s t e m  c u t t i n g s  
t a k e n  f r o m  t h e  s a m e  p l a n t  w e r e  r o o t e d  d i r e c t l y  i n  t h e  s a m p l e  
p o t s  b y  p l a c i n g  t h e  p o t s  u n d e r  t h e  g r e e n h o u s e  m i s t  s y s t e m  
f o r  o n e  m o n t h .  
c .  B r o m u s  b r i z a e f o r m i s  s e e d s  w e r e  s u r f a c e  s t e r i l i z e d  
i n  t h e  s a m e  m a n n e r  a s  A l n u s  a n d  g e r m i n a t e d  d i r e c t l y  i n  t h e  
s a m p l e  p o t s  u n d e r  a  g r e e n h o u s e  m i s t  s y s t e m  f o r  o n e  m o n t h .  
d .  B a r e - s o i l - o n l y  p o t s  u s e d  i n  t h e  p l a n t  c o v e r  s t u d y  
w e r e  g i v e n  i d e n t i c a l  t r e a t m e n t  t o  t h o s e  c o n t a i n i n g  p l a n t s ,  
i n c l u d i n g  w a t e r i n g  a n d  f e r t i l i z a t i o n .  
P l a n t s  w e r e  p r u n e d  p e r i o d i c a l l y  a f t e r  t h e  t h i r d  m o n t h  
o f  g r o w t h  i n  o r d e r  t o  m a i n t a i n  a  m o r e  b a l a n c e d  l e a f  a r e a  
b e t w e e n  p l a n t s  o f  d i f f e r e n t  t r e a t m e n t  l e v e l s .  T h i s  w a s  d o n e  
t o  m i n i m i z e  t h e  e f f e c t s  o n  F r a n k i a  s o i l  p o p u l a t i o n s  o f  
d i f f e r e n c e s  i n  r o o t  e x u d a t i o n  l e v e l s  d u e  t o  u n e q u a l  l e a f  
a r e a s .  M e a s u r e m e n t s  w e r e  m a d e  o f  i n i t i a l  s e e d l i n g  h e i g h t  a t  
t i m e  o f  i n o c u l a t i o n ,  s t e m  d i a m e t e r  a t  h a r v e s t ,  a n d  d r y  
w e i g h t  o f  r o o t s  a t  h a r v e s t .  R o o t  w e i g h t s  w e r e  t a k e n  a f t e r  
t w o  d a y s  d r y i n g  a t  8 0 ° C .  
2 .  F r a n k i a  i n o c u l u m  
F r a n k i a  s t r a i n  C p l l  p r o v i d e d  b y  J .  G .  T o r r e y  ( C a b o t  
F o u n d a t i o n  f o r  B o t a n i c a l  R e s e a r c h ,  H a r v a r d  U n i v . ,  P e t e r s h a m ,  
M A )  w a s  u s e d  t o  i n o c u l a t e  t h e  t e s t  p o t s .  I n o c u l u m  f o r  t h e  
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s t u d y  w a s  p r e p a r e d  b y  s u b c u l t u r i n g  C p l l  i n  t w e n t y - f i v e  2 5 0  
m l  f l a s k s  c o n t a i n i n g  1 0 0  m l  o f  M 6 B - p l u s  m e d i u m  ( A p p e n d i x  B ) .  
C u l t u r e s  w e r e  i n c u b a t e d  a t  3 7 ° C  f o r  1 0  w e e k s  t h e n  h a r v e s t e d  
a n d  w a s h e d  t h r e e  t i m e s  i n  s t e r i l e  p h o s p h a t e  b u f f e r e d  s a l i n e  
( P B S ) .  T h e  c e l l s  w e r e  t h e n  s o n i c a t e d  f o r  t w o  3 0  s e c  p e r i o d s  
o n  a  B i o s o n i k  S o n i c a t o r  a t  a  s e t t i n g  o f  7 0 .  F r a n k i a  w e r e  
d i l u t e d  t o  a  c o n c e n t r a t i o n  e q u i v a l e n t  t o  a  M a c F a r l a n d  
s t a n d a r d  #  1  i n  s t e r i l e  f e r t i l i z e r / p H  s o l u t i o n  ( A p p e n d i x  B )  
a n d  1 0  m l  o f  t h i s  s o l u t i o n  w a s  a p p l i e d  t o  s a m p l e  p o t s  i n  
b o t h  e x p e r i m e n t s .  
3 .  S o i l  £ H  
S o i l  p H s  o f  4 . 5 ,  6 . 0 ,  a n d  7 . 2  w e r e  u s e d  i n  t h e  s o i l  
e n v i r o n m e n t  s t u d y .  F e r t i l i z e r / p H  s o l u t i o n s  w e r e  p H  a d j u s t e d  
t o  m a i n t a i n  t h e  d e s i r e d  s o i l  p H  l e v e l s  i n  e a c h  s a m p l e  p o t  
( A p p e n d i x  B ) .  C o m p o u n d s  w i t h i n  t h e  t h r e e  d i f f e r e n t  p H  l e v e l  
f e r t i l i z e r  s o l u t i o n s  w e r e  v a r i e d  i n  o r d e r  t o  k e e p  e l e m e n t a l  
n u t r i e n t s  a s  c l o s e l y  b a l a n c e d  a s  p o s s i b l e .  S o i l  p H  w a s  
m o n i t o r e d  p e r i o d i c a l l y  b y  s a m p l i n g  1 0  g  o f  s o i l  f r o m  
s e l e c t e d  t e s t  p o t s  i n  e a c h  o f  t h e  t h r e e  p H  l e v e l  t r e a t m e n t s .  
S a m p l e  s o i l  w a s  m i x e d  w i t h  2 0  m l  o f  d i s t i l l e d  w a t e r ,  a l l o w e d  
t o  s i t  f o r  3  0  m i n  a n d  t h e n  m e a s u r e d  o n  a  B e c k m a n  
E x p a n d o m a t i c  S S - 2  p H  m e t e r  ( B e c k m a n  I n s t r u m e n t s  I n c . ,  
F u l l e r t o n ,  C a l i f . ) .  F e r t i l i z e r / p H  s o l u t i o n  w a s  a d d e d  t o  
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p o t s  t w i c e  a  m o n t h .  U n i n o c u l a  t e d  c o n t r o l  p o t s  o f  t h e  s o i l  
e n v i r o n m e n t  s t u d y  a n d  a l l  p o t s  i n  t h e  p l a n t  c o v e r  s t u d y  
r e c e i v e d  3 0  p p m  N  i n  t h e  f o r m  o f  a m m o n i u m  s u l f a t e  i n  
a d d i t i o n  t o  t h e  N - f r e e  f e r t i 1 i z e r / p H  s o l u t i o n .  A l l  p o t s  i n  
t h e  p l a n t  c o v e r  e x p e r i m e n t  w e r e  m a i n t a i n e d  a t  p H  6 . 0 .  
4 .  S o i  1  m o i s t u r e  
T h r e e  d i f f e r e n t  l e v e l s  o f  s o i l  m o i s t u r e  w e r e  s u s t a i n e d  
i n  t h e  s o i l  e n v i r o n m e n t  s t u d y  b y  w a t e r i n g  p o t s  e v e r y  d a y ,  
e v e r y  o t h e r  d a y ,  o r  e v e r y  t h r e e  d a y s .  R e l a t i v e  m o i s t u r e  
l e v e l s  w e r e  m e a s u r e d  a t  a  d e p t h  o f  1 0  c m  u s i n g  a  R A C  
m o i s t u r e  m e t e r  ( R i t e  A u t o t r o n i c s  C o r p . ,  L o s  A n g e l e s ,  
C a l i f . ) .  A l l  p o t s  w e r e  m e a s u r e d  m o n t h l y  f r o m  J a n u a r y  t o  
J u n e ,  1 9 8 4 .  R e l a t i v e  m o i s t u r e  m e t e r  r e a d i n g s  w e r e  t a k e n  a t  
f i e l d  c a p a c i t y  ( - 0 . 3  b a r s )  a n d  w i l t i n g  p o i n t  ( - 1 5  b a r s ) .  
T h e s e  r e a d i n g s  w e r e  t h e n  u s e d  t o  c o r r e l a t e  t h e  m o i s t u r e  
m e t e r  s c a l e  t o  w a t e r  p o t e n t i a l  l e v e l s .  A n  a v e r a g e  a n n u a l  
w a t e r  p o t e n t i a l  l e v e l  w a s  d e t e r m i n e d  f o r  e a c h  s o i l  m o i s t u r e  
t r e a t m e n t .  A l l  p o t s  i n  t h e  p l a n t  c o v e r  e x p e r i m e n t  w e r e  
w a t e r e d  d a i l y .  
5 .  S o i  1  o r g a n i c  m a t t e r  
S o i l  o r g a n i c  m a t t e r  l e v e l s  o f  0 ,  3 ,  o r  6 %  b y  w e i g h t  
( d r y )  w e r e  a d d e d  t o  t h e  p l a n t  g r o w t h  m e d i a  i n  t h e  f o r m  o f  
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s t e a m  s t e r i l i z e d  s p h a g n u m  p e a t  m o s s  ( f i n e ) .  A l l  p o t s  i n  t h e  
p l a n t  c o v e r  e x p e r i m e n t  h a d  3 %  s o i l  O . M .  
C .  B i o a s s a y  o f  F r a n k i a  S o i l  P o p u l a t i o n s  
1 .  S o i  1  e n v i r o n m e n t  s t u d y  
P l a n t  b i o a s s a y s  o f  F r a n k i a  s o i l  p o p u l a t i o n s  c o n s i s t e d  
o f  i n t r o d u c i n g  a n  u n i n f e c t e d  A l n u s  g l u t i n o s a  s e e d l i n g  i n t o  
s a m p l e  p o t s  d u r i n g  s o i l  t r e a t m e n t s .  T h e  n u m b e r s  o f  
d e v e l o p i n g  r o o t  n o d u l e s  w e r e  u s e d  a s  a n  i n d i c a t i o n  o f  t h e  
e f f e c t s  o f  t h o s e  s o i l  t r e a t m e n t s  o n  i n f e c t i v i t y  o f  F r a n k i a .  
T r e a t m e n t s  u s e d  i n  t h i s  e x p e r i m e n t  i n c l u d e d  t h r e e  l e v e l s  
e a c h  o f  s o i l  m o i s t u r e ,  s o i l  p H ,  a n d  s o i l  o r g a n i c  m a t t e r .  
N o d u l e s  i n  t h i s  s t u d y  w e r e  d e f i n e d  a s  n o d u l e  l o b e s  o r  
c l u s t e r s  o f  l o b e s  a r i s i n g  f r o m  a  s i n g l e ,  d i s t i n c t  i n f e c t i o n  
p o i n t .  B e c a u s e  n o  a t t e m p t s  w e r e  m a d e  t o  m a i n t a i n  s t e r i l e  
c o n d i t i o n s  a f t e r  i n i t i a l  s e t  u p  o f  t h i s  e x p e r i m e n t  1 8  
u n i n o c u l a t e d  c o n t r o l  p o t s  w e r e  i n c l u d e d  i n  t h e  t e s t .  
C o n t r o l  p o t s  w e r e  u s e d  t o  m e a s u r e  l e v e l s  o f  h o s t  p l a n t  
i n f e c t i o n  d u e  t o  o u t s i d e  s o u r c e s  s u c h  a s  w a t e r ,  a i r ,  a n d  
g r e e n h o u s e  f a u n a .  
2 .  P l a n t  c o v e r  s t u d y  
S i n c e  t h e  p l a n t  c o v e r  e x p e r i m e n t  c o n t a i n e d  n o n -
a c t i n o r h i z a l  p l a n t s  a n d  b a r e - s o i l - o n l y  t r e a t m e n t s ,  t w o  
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s e p a r a t e  b i o a s s a y s  f o r  F r a n k  t a  w e r e  s e t  u p .  T h e  f i r s t  w a s  
b a s e d  o n  t h e  m o s t  p r o b a b l e  n u m b e r  t e s t  ( V i n c e n t ,  1 9 7 0 ) .  
T h i s  a s s a y  w a s  b e g u n  s i x  m o n t h s  a f t e r  i n i t i a t i o n  o f  t h e  
p l a n t  c o v e r  e x p e r i m e n t .  A g a r  s l a n t s  w e r e  m a d e  i n  2 5  x  2 0 0  
m m  t u b e s  w i t h  2 5  m l  o f  n u t r i e n t  s o l u t i o n  ( A p p e n d i x  B ) .  T w o  
w e e k  o l d  a s e p t i c  A l n u s  s e e d l i n g s  w e r e  a d d e d  t o  e a c h  t u b e .  
S e e d l i n g s  w e r e  a l l o w e d  t o  g r o w  f o r  t w o  m o n t h s  t h e n  
i n o c u l a t e d  w i t h  s o i l  s a m p l e  s o l u t i o n s  t a k e n  f r o m  t h e  p l a n t  
c o v e r  e x p e r i m e n t .  F i v e  g r a m  s o i l  s a m p l e s  w e r e  c o l l e c t e d  i n  
s t e r i l e  s c r e w  t o p  v i a l s  t o  w h i c h  5  m l  o f  s t e r i l e  n u t r i e n t  
s o l u t i o n  d i l u e n t  w a s  a d d e d .  T h e  v i a l s  w e r e  s h a k e n  f o r  o n e  
h o u r  o n  a  B u r r e l l  w r i s t  a c t i o n  s h a k e r  ( B u r r e l l  C o r p . ,  
P i t t s b u r g h ,  P A . ) .  E a c h  s a m p l e  w a s  d i l u t e d  i n  a  1 : 5  d i l u t i o n  
s e r i e s  t o  1 : 6 2 5 .  S t e r i l e  a g a r  s l a n t s  w e r e  t h e n  i n o c u l a t e d  
w i t h  e a c h  o f  t h e  f i v e  d i l u t i o n  l e v e l s / s a m p l e  o r  a  t o t a l  o f  
2 0 0  s l a n t s .  T e n  c o n t r o l  t u b e s  w e r e  i n o c u l a t e d  w i t h  s t e r i l e  
n u t r i e n t  s o l u t i o n  d i l u e n t  o n l y .  A g a r  s l a n t  t u b e s  w e r e  
m o n i t o r e d  p e r i o d i c a l l y  f o r  n o d u l a t i o n .  
T h e  s e c o n d  p l a n t  c o v e r  b i o a s s a y  f o r  F r a n k i a  w a s  b e g u n  
o n e  y e a r  a f t e r  i n i t i a t i o n  o f  t h e  p l a n t  c o v e r  e x p e r i m e n t .  I n  
t h i s  a s s a y  1 0  g  ( d r y  w t )  o f  s o i l  s a m p l e  w e r e  p l a c e d  i n  5 0  c c  
L e a c h  C o n e t a i n e r  ( C o n e t a i n e r  N u r s e r y ,  1 5 0 0  N .  M a p l e  S t . ,  
C a n b y ,  O R  9 7 0 1 3 )  t u b e s  h a l f  f i l l e d  w i t h  p e r l i t e .  T h r e e  
s a m p l e s  w e r e  t a k e n  f r o m  e a c h  o f  t h e  4 0  p l a n t  c o v e r  p o t s .  
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L e a c h  t u b e s  a n d  r a c k s  w e r e  s u r f a c e  s t e r i l i z e d  b y  s o a k i n g  i n  
2 0 %  b l e a c h  s o l u t i o n  f o r  3 0  m i n  p r i o r  t o  u s e .  A s e p t i c a l l y  
g r o w n ,  t w o - w e e k - o l d  A l n u s  s e e d l i n g s  w e r e  t h e n  p l a n t e d  i n  
e a c h  l e a c h  t u b e .  S e e d l i n g s  w e r e  h a r v e s t e d  a f t e r  t h r e e  
m o n t h s  a n d  n o d u l e s  c o u n t e d  t o  d e t e r m i n e  t h e  a f f e c t s  o f  p l a n t  
c o v e r  o n  F r a n k i a  s o i l  p o p u l a t i o n s .  
D .  I m m u n o a s s a y  o f  F r a n k i a  S o i l  P o p u l a t i o n s  
1 .  A n t i b o d y  p r o d u c t i o n  
a .  P o l y c l o n a l  a n t i b o d y  T h e  b a c t e r i n  u s e d  f o r  
a n t i b o d y  p r o d u c t i o n  w a s  t h r e e  w e e k  o l d  s u b c u l t u r e s  o f  
F r a n k i a  s t r a i n  C p l l .  F r a n k i a  s u b c u l t u r e s  w e r e  s o n i c a t e d  f o r  
t w o ,  1 5  s e c  p e r i o d s  o n  a  B i o s o n i k  S o n i c a t o r  a t  a  s e t t i n g  o f  
5 0  i n  o r d e r  t o  b r e a k  u p  t h e  m y c e l i u m .  T u b e s  c o n t a i n i n g  t h e  
b a c t e r i n  w e r e  s e d i m e n t e d  b y  c e n t r i f u g a t i o n  a n d  t h e  
supernatant discarded. The pellet was resuspended in 0.3% 
f o r m a l i z e d  s a l i n e  a n d  c e n t r i f u g e d  a g a i n .  T h i s  p r o c e s s  w a s  
r e p e a t e d  f o u r  t i m e s  w i t h  a  f i n a l  w a s h  o f  s a l i n e  s o l u t i o n  
a l o n e .  T h e  b a c t e r i n  w a s  c o n c e n t r a t e d  t o  a n  o p t i c a l  d e n s i t y  
e q u i v a l e n t  t o  M a c F a r l a n d  s t a n d a r d  #  4 .  T h é  b a c t e r i n  w a s  
t h e n  p l a c e d  i n  a  s t e r i l e  s e r u m  b o t t l e  a n d  r e f r i g e r a t e d  u n t i l  
u s e .  
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N o r m a l  r a b b i t  s e r u m  ( N R S ) ,  t o  b e  u s e d  a s  a  c o n t r o l  
s e r u m ,  w a s  t a k e n  f r o m  t w o  r a b b i t s  b y  e a r  b l e e d i n g  p r i o r  t o  
i m m u n i z a t i o n  w i t h  t h e  b a c t e r i n  C p l l .  T h e  i m m u n i z a t i o n  
s c h e d u l e  c o n s i s t e d  o f  a  s e r i e s  o f  s i x  i n j e c t i o n s  s e p a r a t e d  
b y  a  p e r i o d  o f  f o u r  d a y s  e a c h .  T h e  f i r s t  t h r e e  i n j e c t i o n s  
w e r e  a d m i n i s t e r e d  i n t r a v e n o u s l y  ( I V )  t h r o u g h  t h e  m a r g i n a l  
e a r  v e i n  w i t h  0 . 5 0  m l  o f  t h e  p r e p a r e d  b a c t e r i n .  T h e  s e c o n d  
t h r e e  i n j e c t i o n s  w e r e  a d m i n i s t e r e d  i n t r a p e r i t o n e a l ! y  ( I P )  a t  
1 . 0  m l ,  1 . 5  m l ,  a n d  2 . 0  m l  l e v e l s .  T e s t  b l e e d s  w e r e  m a d e  
a f t e r  t h e  t h i r d  i n j e c t i o n  t o  v e r i f y  i m m u n i z a t i o n .  B l o o d  
s a m p l e s  u p  t o  3 0  m l  w e r e  t a k e n  b y  e a r  b l e e d i n g .  A f t e r  
c l o t t i n g  f o r  t w o  h o u r s  a t  r o o m  t e m p e r a t u r e ,  s a m p l e s  w e r e  
r i m m e d  a n d  s t o r e d  o v e r n i g h t  a t  4 ° C .  S e r u m  w a s  d e c a n t e d  t o  
b e  u s e d  a s  w h o l e  s e r u m  o r  p u r i f i e d  a s  a  g a m m a - g l o b u l i n  
f r a c t i o n  b y  t h r e e - f o l d  a m m o n i u m  s u l f a t e  p r e c i p i t a t i o n .  
C r o s s  r e a c t i v i t y  o f  p o l y c l o n a l  a n t i b o d i e s  d e v e l o p e d  
a g a i n s t  F r a n k i a  s t r a i n  C p l l  w e r e  t e s t e d  w i t h  F r a n k i a  s t r a i n  
A r I 4 ,  s t r a i n  E u l l  ( p r o v i d e d  b y  D .  B a k e r ,  D e p t .  o f  B i o l o g y ,  
M i d d l e b u r y  C o l l e g e ,  M i d d l e b u r y ,  V I T ) ,  a n d  s t r a i n  M p l l  
( p r o v i d e d  b y  M .  P .  L e c h e v a l i e r ,  W a k e s m a n  I n s t i t u t e  o f  
M i c r o b i o l o g y ,  R u t g e r s  U n i v . ,  P i  s e a  t a  w a y ,  N J )  b y  u s i n g  
F l u o r e s c e n t  A n t i b o d y  ( F A )  t e s t s  a n d  t h e  E n z y m e  L i n k e d  
I m m u n o s o r b e n t  A s s a y  ( E L I S A ) .  
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C r o s s  r e a c t i v i t y  o f  p o l y c l o n a l  a n t i b o d i e s  w a s  a l s o  
t e s t e d  w i t h  2 5  b a c t e r i a  a n d  a c t i  n o m y c e t e s  r a n d o m l y  i s o l a t e d  
f r o m  s o i l  s a m p l e s  o f  t h e  g r e e n h o u s e  p o t  s t u d y .  
A p p r o x i m a t e l y  1 0  g  d r y  w t .  o f  s o i l  w a s  d i l u t e d  t o  1 0 " ^ ,  1 0 "  
1 0 " ®  a n d  1 0 " 7  i n  s t e r i l e  w a t e r  d i l u t i o n  b l a n k s  a n d  t h e n  
p l a t e d  i n  e g g  a l b u m i n  a g a r .  P l a t e s  w e r e  i n c u b a t e d  f o r  o n e  
w e e k  a f t e r  w h i c h  b a c t e r i a l  a n d  a c t i n o m y c e t e  c o l o n i e s  w e r e  
c o u n t e d  t o  d e t e r m i n e  s o i l  p o p u l a t i o n  l e v e l s  o f  t h e s e  t w o  
g r o u p s  o f  m i c r o o r g a n i s m s .  P u r e  c u l t u r e s  o f  2 5  
m o r p h o l o g i c a l l y  d i f f e r e n t  b a c t e r i a  a n d  a c t i n o m y c e t e s  w e r e  
o b t a i n e d  b y  s u b c u l t u r e  o n  e g g  a l b u m i n  a g a r  p l a t e s .  T h e  
v a r i o u s  s u b c u l t u r e s  w e r e  h a r v e s t e d  b y  w a s h i n g  p l a t e  s u r f a c e s  
w i t h  0 . 3 %  f o r m a l i z e d  s a l i n e .  E a c h  w a s h  w a s  c o l l e c t e d ,  
c e n t r i f u g e d ,  a n d  t h e  s u p e r n a t a n t  d i s c a r d e d .  T h i s  p r o c e s s  
w a s  r e p e a t e d  f o u r  t i m e s  w i t h  a  f i n a l  w a s h  i n  s a l i n e  s o l u t i o n  
a l o n e .  A l l  s u b c u l t u r e s  c o n t a i n i n g  a c t i n o m y c e t e s  w e r e  
s o n i c a t e d  I n  t h e  s a m e  m a n n e r  a s  t h e  b a c t e r i n ,  C p l i .  A l l  
h a r v e s t e d  s o i l  m i c r o o r g a n i s m s  w e r e  c o n c e n t r a t e d  t o  a n  
o p t i c a l  d e n s i t y  o f  a  M a c F a r l a n d  s t a n d a r d  #  1  a n d  t h * n  s t o r e d  
i n  s t e r i l e  s e r u m  j a r s  a t  4 ° C  u n t i l  t e s t e d  f o r  c r o s s  
r e a c t i v i t y  b y  E L I S A  a n d  F A  t e c h n i q u e s .  
b .  M o n o c l o n a l  a n t i b o d y  ( M C A )  F o u r  B A L B / c  s t r a i n  
m i c e  w e r e  i n o c u l a t e d  I P  w i t h  0 . 2  m l  o f  t h e  b a c t e r i n ,  F r a n k i a  
s t r a i n  C p l l ,  d i l u t e d  t o  t h e  o p t i c a l  d e n s i t y  o f  a  M a c F a r l a n d  
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s t a n d a r d  # 1 .  T h r e e  w e e k s  a f t e r  p r i m a r y  i m m u n i z a t i o n  b l o o d  
s a m p l e s  w e r e  t a k e n  v i a  t h e  r e t r o o r b i t a l  c a v i t y  a n d  t e s t e d  
f o r  p r e s e n c e  o f  a n t i - C p I l  a n t i b o d i e s  b y  E L I S A .  T w o  p o s i t i v e  
m i c e  w e r e  t h e n  h y p e r i m m u n i z e d  w i t h  0 . 2  m l  o f  t h e  b a c t e r i n  
i n t r a v e n o u s l y .  T h r e e  d a y s  l a t e r ,  s p l e e n  c e l l s  o f  o n e  m o u s e  
w e r e  h a r v e s t e d  a n d  f u s e d  w i t h  S p  2 / 0  A g - 1 4  m y e l o m a  c e l l s  
e m p l o y i n g  t h e  t e c h n i q u e  o f  V a n  D e u s e n  a n d  W h e t s t o n e  ( 1 9 8 1 ) .  
B l o o d  r e m o v e d  f r o m  t h e  h y p e r i m m u n i z e d  m o u s e  b y  c a r d i a c  
p u n c t u r e  w a s  s a v e d  a s  a  p o s i t i v e  c o n t r o l .  T h e  s p l e e n  w a s  
r e m o v e d  a s e p t i c a l l y ,  p l a c e d  i n  a  6 0  m m  c u l t u r e  d i s h ,  a n d  
p e r f u s e d  w i t h  1  m l  o f  D u l b e c c o ' s  m o d i f i e d  E a g l e ' s  m e d i u m  
( D M E M )  ( G i b c o ) .  T h e  t i s s u e  w a s  p u l p e d  i n t o  a  s i n g l e  c e l l  
s u s p e n s i o n  b y  g e n t l y  p u s h i n g  t h e  s p l e e n  t h r o u g h  a n  8 0  m e s h  
C e l l e c t o r  t i s s u e  s i e v e  ( B e l l c o  G l a s s ,  V i n e l a n d ,  N J ) .  S p l e e n  
c e l l s  w e r e  a d d e d  t o  e x p o n e n t i a l l y  g r o w i n g  S p  2 / 0  c e l l s  i n  
1 : 2  m i x t u r e  f o l l o w e d  b y  c e n t r i f u g a t i o n  a t  2 0 0  r e l a t i v e  
c e n t r i f u g a l  f o r c e  ( R C F )  f o r  1 0  m i n .  A f t e r  r e m o v a l  o f  t h e  
s u p e r n a t a n t ,  t h e  p e l l e t  w a s  r e s u s p e n d e d  a n d  f u s e d  w i t h  1  m l  
o f  4 5 %  p o l y e t h y l e n e  g l y c o l ,  m o l .  w t .  1 5 4 0 .  T h e  s u s p e n s i o n  
w a s  g e n t l y  m i x e d  f o r  2 . 5  m i n  a f t e r  w h i c h  1  m l  o f  D M E M  w a s  
a d d e d  s l o w l y  o v e r  a  3 0  s e c  p e r i o d .  F o l l o w i n g  a  3 0  s e c  
p e r i o d  o f  m i x i n g ,  1 0  m l  o f  D M E M  w a s  a d d e d  s l o w l y  a n d  a l l o w e d  
t o  i n c u b a t e  f o r  5  m i n  a t  3 7 ° C .  T h e  c e l l  s u s p e n s i o n  w a s  
p e l l e t i z e d  b y  c e n t r i f u g a t i o n  a t  2 0 0  R C F  f o r  1 0  m i n  t h e n  
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r e s u s p e n d e d  i n  H A T  m e d i u m  ( V a n  D e u s e n ,  1 9 8 4 )  t o  a  
c o n c e n t r a t i o n  o f  5  x  1 0 ^  S p 2 / 0  c e l l s / m l .  T h e  c e l l  
s u s p e n s i o n  w a s  p l a t e d  o u t  i n  9 6  w e l l  ( 0 . 2  m l / w e l l )  t i s s u e  
c u l t u r e  p l a t e s  ( C o s t a r ,  C a m b r i d g e ,  M A )  w i t h  l a r g e  b o r e  
p i p e t t e s .  T h e  p l a t e s  w e r e  i n c u b a t e d  a t  3 7 ° C  i n  a  h u m i d i f i e d  
a t m o s p h e r e  e n r i c h e d  t o  5 %  C O 2 .  F o u r  d a y s  a f t e r  t h e  f u s i o n ,  
w e l l s  w e r e  f e d  w i t h  H A T  m e d i u m  f o l l o w e d  b y  t w o  f e e d i n g s  w i t h  
H T  m e d i u m  ( V a n  D e u s e n ,  1 9 8 4 )  w h e n  m e d i a  t u r n e d  a  y e l l o w i s h -
o r a n g e  c o l o r .  S a m p l e s  f r o m  w e l l s  c o n t a i n i n g  h y b r i d o m a s  w e r e  
t a k e n  a f t e r  t w o  w e e k s  g r o w t h  a n d  t e s t e d  f o r  a n t i b o d y  
p r o d u c t i o n  u s i n g  a n  E L I S A  ( M e t h o d s  0 3 )  s c r e e n i n g  t e s t .  
P o s i t i v e  h y b r i d o m a s  w e r e  m o v e d  t o  4 8  w e l l  t h e n  2 4  w e l l  
t i s s u e  c u l t u r e  p l a t e s  ( C o s t a r )  a n d  r e t e s t e d  f o r  a n t i b o d y  
p r o d u c t i o n  b y  E L I S A ,  S e l e c t e d  h y b r i d o m a  c e l l  l i n e s  w e r e  
m o v e d  t o  2 5  c m  t i s s u e  c u l t u r e  f l a s k s  ( C o s t a r ) .  T h e s e  c e l l  
l i n e s  w e r e  f r o z e n  i n  l i q u i d  n i t r o g e n  a n d / o r  c l o n e d  u s i n g  t h e  
t e c h n i q u e  o f  V a n  D u e s e n  ( 1 9 8 4 ) .  A f t e r  c l o n i n g ,  a n t i b o d i e s  
w e r e  p u r i f i e d  f r o m  c e l l  c u l t u r e  m e d i a  b y  a  t h r e e - f o l d  
a m m o n i u m  s u l f a t e  p r e c i p i t a t i o n .  
C r o s s  r e a c t i v i t y  o f  s e l e c t e d  m o n o c l o n a l  a n t i b o d i e s  
d e v e l o p e d  a g a i n s t  F r a n k i a  s t r a i n  C p l l  w e r e  t e s t e d  w i t h  t h e  
s a m e  h e t e r o g e n o u s  m i c r o b i a l  a n t i g e n s  a s  w e r e  p o l y c l o n a l  
a n t i b o d i e s  u s i n g  t h e  E L I S A  a s s a y .  
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2 .  F I u o r e s c e n t  A n t i b o d y  ( F A )  t e c h n i q u e  
S o i l  s a m p l e s  t o  b e  t e s t e d  b y  t h e  F A  t e c h n i q u e  w e r e  
d i l u t e d  1 : 1 0  i n  1 0 0  m l  o f  d i s t i l l e d  d e i o n i z e d  w a t e r .  T h e  
s o i l  s o l u t i o n s  w e r e  a d j u s t e d  t o  p H  1 0  u s i n g  1  N  N a O H .  T w o  
d r o p s  o f  T w e e n  8 0  w e r e  a d d e d  t o  e a c h  s a m p l e .  T h e s e  s a m p l e s  
w e r e  s h a k e n  f o r  3 0  m  i n  o n  a  B u r r e l l  w r i s t  a c t i o n  s h a k e r  a n d  
a l l o w e d  t o  i n c u b a t e  f o r  2 4  h r .  T h e  s o i l  s o l u t i o n s  w e r e  
a g a i n  a d j u s t e d  t o  p H  1 0 ,  s h a k e n  f o r  3 0  m i n ,  a n d  a l l o w e d  t o  
i n c u b a t e  f o r  a n o t h e r  2 4  h r .  A t  t h e  e n d  o f  t h i s  p e r i o d ,  s o i l  
s o l u t i o n s  w e r e  a g a i n  a d j u s t e d  t o  p H  1 0 .  S u b s a m p l e s  o f  e a c h  
s a m p l e  s o l u t i o n  w e r e  l o a d e d  o n  6 0 %  s u c r o s e  i n  t e s t  t u b e s  a n d  
c e n t r i f u g e d  f o r  1 5  m i n  a t  1 0 0 0  R C F  i n  o r d e r  t o  s e p a r a t e  s o i l  
m i c r o o r g a n i s m s  f r o m  s o i l  p a r t i c l e s .  A  t o t a l  o f  5 0  m l  o f  
e a c h  s o i l  s a m p l e  s o l u t i o n  w a s  c o l l e c t e d  a f t e r  c e n t r i f u g a t i o n  
o n  t h e  s u c r o s e  d e n s i t y  g r a d i e n t .  T h i s  5 0  m l  o f  s o l u t i o n  w a s  
t h e n  c o n c e n t r a t e d  b y  c e n t r i f u g a t i o n  a t  5 0 0 0  R C F  f o r  3 0  m i n .  
T h e  s u p e r n a t a n t  w a s  c a r e f u l l y  r e m o v e d  a n d  t h e  p e l l e t  
r e s u s p e n d e d  i n  1  m l  o f  0 . 1  M  p h o s p h a t e  b u f f e r e d  s a l i n e  ( P B S )  
p H  7 . 2 .  T h r e e  m i c r o s c o p e  s l i d e s  p e r  s a m p l e  w e r e  s m e a r e d  
w i t h  0 . 1  m l  o f  t h e  s o i l  s o l u t i o n  c o n c e n t r a t e  a n d  a l l o w e d  t o  
a i r  d r y .  A f t e r  h e a t  f i x i n g ,  e a c h  s l i d e  w a s  i n c u b a t e d  f o r  4 5  
m i n  w i t h  r a b b i t  a n t i -  C p l l  w h o l e  s e r u m  ( 0 . 5  m l  a t  1 : 4 0  
d i l u t i o n ) .  T h e  s l i d e s  w e r e  w a s h e d  t w i c e  i n  0 . 1  M  P B S  p H  7 . 2  
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( 1 0  m i n ) ,  o n c e  i n  d i s t i l l e d  w a t e r  ( 5  m i n ) ,  t h e n  a l l o w e d  t o  
a i r  d r y .  E a c h  s l i d e  w a s  i n c u b a t e d  f o r  4 5  m i n  w i t h  g o a t  
a n t i - r a b b i t  I g G  ( 0 . 5  m l  a t  1 : 4 0 0  d i l u t i o n )  c o n j u g a t e d  w i t h  
f l u o r e s c e i n  i s o t h i o c y a n a t e  ( F I T C )  ( S i g m a  C h e m .  C o . ,  S t .  
L o u i s ,  M O ) .  S l i d e s  w e r e  w a s h e d  a s  b e f o r e ,  a i r  d r i e d ,  a n d .  
m o u n t e d  w i t h  n - p r o p y l - g a l l a t e - g l y c e r o l  m o u n t i n g  f l u i d  ( G i l o h  
a n d  S e d o t ,  1 9 8 2 ) .  
3 .  E n z y m e  L i n k e d  I m m u n o s o r b e n t  A s s a y  ( E L I S A )  
T w o  d i f f e r e n t  t y p e s  o f  E L I S A  t e s t s  w e r e  u s e d ,  o n e  f o r  
s c r e e n i n g  o f  M C A s  a n d  t h e  o t h e r  a s  a  t e s t  f o r  F r a n k i a  s o i l  
p o p u l a t i o n  l e v e l s .  P l a t e s  u s e d  i n  a l l  E L I S A  t e s t s  w e r e  9 6  
w e l l  E I  A  f l a t  b o t t o m  p l a t e s  ( C o s t a r ,  C a m b r i d g e ,  M A ) .  W a s h  
s o l u t i o n s  u s e d  i n  a l l  t e s t s  w e r e  0 . 1  M  P B S ,  p H  7 . 2 ,  w i t h  
0 . 0 5 %  T w e e n  2 0 .  
a .  M C A  s c r e e n i n g  t e s t  F i f t y - u l  o f  F r a n k i a  s t r a i n  
C p l l  ( 1  u g / m l  )  i n  P B S  w a s  i n c u b a t e d  i n  e a c h  w e l l  f o r  1  h r  a t  
3 7 ° C .  A f t e r  t h r e e  f i v e  m i n  w a s h e s  i n  P B S - T w e e n  2 0  s o l u t i o n ,  
2 0 0  u l  o f  1 %  b o v i n e  s e r u m  a l b u m i n  ( B S A )  i n  0 . 1  M  P B S  p H  7 . 2  
w a s  a d d e d  t o  e a c h  w e l l  a s  a  b l o c k i n g  a g e n t .  T h e  B S A  
s o l u t i o n  w a s  a l l o w e d  t o  i n c u b a t e  o v e r n i t e  a t  4 ° C  t h e n  w a s h e d  
t h r e e  t i m e s  w i t h  P B S - T w e e n  2 0 .  F i f t y - u l  s a m p l e s  o f  p r i m a r y  
h y b r i d o m a  g r o w t h  m e d i a  w e r e  a d d e d  p e r  w e l l  f o r  1  h r  a t  3 7 ° C  
f o l l o w e d  b y  t h r e e  w a s h e s .  A  1 / 1 0 0 0  d i l u t i o n  o f  g o a t  
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a n t i m u r i n e  I g G  l a b e l e d  w i t h  a l k a l i n e  p h o s p h a t a s e  ( S i g m a  
C h e m i c a l  C o . ,  S t .  L o u i s ,  M O . )  w a s  a d d e d  t o  e a c h  w e l l  ( 5 0  u l  )  
f o r  1  h r  a t  3 7 ° C  t h e n  w a s h e d  t h r e e  t i m e s .  F i f t y - u l  o f  p -
n i t r o p h e n y l  p h o s p h a t e  s u b s t r a t e  ( S i g m a  C h e m .  C o . )  w a s  a d d e d  
f o r  1  h r  a t  3 7 ° C  a f t e r  w h i c h  o p t i c a l  d e n s i t i e s  o f  t h e  w e l l s  
w e r e  m e a s u r e d  o n  a  D y n a t e c h  M i n i r e a d e r  I I  ( D y n a t e c h  
L a b o r a t o r i e s ,  I n c . ,  A l e x a n d r i a ,  Y A )  E L I S A  p l a t e  r e a d e r  a t  
4 9 2  n m .  H y p e r i m m u n e  m o u s e  s e r u m  w a s  u s e d  a s  a  p o s i t i v e  
c o n t r o l  a n d  s p e n t  m e d i a  f r o m  h e t e r o g e n o u s  M C A s  w a s  u s e d  a s  a  
n e g a t i v e  c o n t r o l  i n  t h e s e  t e s t s .  
b .  S o i l  s a m p l e  t e s t  S o i l  s a m p l e s  w e r e  t e s t e d  f o r  
p r e s e n c e  o f  F r a n k i a  b y  a  s a n d w i c h  E L I S A .  I n  t h i s  a s s a y  a n  
a n t i - C p I l  M C A  w a s  b o u n d  t o  E L I S A  p l a t e  w e l l s  b y  i n c u b a t i o n  
a t  3 7 ° C  f o r  t w o  h r .  T h e  p l a t e s  w e r e  w a s h e d  t h r e e  t i m e s  i n  
PBS-Tween  20 ,  i ncuba ted  w i t h  a  b l ock ing  agen t  ( 200  u l  o f  1 %  
B S A  i n  P B S )  f o r  1  h r  a t  3 7 ° C ,  t h e n  w a s h e d  t h r e e  t i m e s  w i t h  
P B S - T w e e n  2 0 .  S o i l  s o l u t i o n  s a m p l e s  p r e p a r e d  a s  d e s c r i b e d  
i n  F A  t e c h n i q u e  ( M e t h o d s  0 2 )  w e r e  a d d e d  ( 1 0 0  u l )  t o  e a c h  
p l a t e  w e l l  a n d  i n c u b a t e d  f o r  I  h r  a t  3 7 ° C .  T h e  p l a t e s  w e r e  
w a s h e d  t h r e e  t i m e s ,  b l o c k e d  w i t h  1 %  B S A - P B S  f o r  1  h r  a t  3 7 °  
C ,  t h e n  w a s h e d  a g a i n  t h r e e  t i m e s  w i t h  P B S - T w e e n  2 0 .  O n e  
h u n d r e d  u l  o f  r a b b i t  a n t i - C p I l  p o l y c l o n a l  s e r u m  w a s  a d d e d  
p e r  w e l l  a n d  a l l o w e d  t o  i n c u b a t e  f o r  o n e  h r  a t  3 7 ° C .  A f t e r  
t h r e e  w a s h e s  w i t h  P B S - T w e e n  2 0 ,  1 0 0  u l  o f  g o a t  a n t i - r a b b i t  
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I g G  l a b e l e d  w i t h  a l k a l i n e  p h o s p h a t a s e  ( S i g m a  C h e m .  C o . )  w e r e  
a d d e d  p e r  w e l l  a n d  i n c u b a t e d  f o r  1  h r  a t  3 7 ° C .  P l a t e s  w e r e  
t h e n  w a s h e d ,  s u b s t r a t e  a d d e d ,  a n d  o p t i c a l  d e n s i t i e s  r e a d  a s  
d e s c r i b e d  i n  M C A  s c r e e n i n g  t e s t  ( M e t h o d s  0 3 ) .  H y p e r i m m u n e  
r a b b i t  s e r u m  w a s  u s e d  a s  a  p o s i t i v e  c o n t r o l  i n  t h e s e  a s s a y s .  
N e g a t i v e  c o n t r o l s  c o n s i s t e d  o f  w e l l s  w i t h  n o r m a l  r a b b i t  
s e r u m  a d d e d  a n d  w e l l s  t o  w h i c h  n o  a n t i - C p I l  r a b b i t  s e r u m  w a s  
a d d e d .  
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I V .  R E S U L T S  
A .  S t e r i l e  F l a s k  E x p e r i m e n t  
A p p r o x i m a t e l y  t w o  y e a r s  a f t e r  c o m m e n c e m e n t  o f  t h e  
s t e r i l e  f l a s k  s t u d y ,  h o s t  p l a n t s  w e r e  h a r v e s t e d .  
M i c r o s c o p i c  e x a m i n a t i o n  o f  t h e  r o o t s  s h o w e d  p l a n t s  f r o m  1 4  
o f  t h e  o r i g i n a l  2 4  f l a s k s  t o  b e  n o d u l a t e d  ( T a b l e  1 ) .  O f  t h e  
1 0  r e m a i n i n g  f l a s k s ,  h o s t  p l a n t s  o f  t w o  d i e d  w i t h i n  t h e  
f i r s t  s i x  m o n t h s  o f  t h e  s t u d y .  P l a n t s  i n  e i g h t  f l a s k s  d i d  
n o t  a p p e a r  t o  b e  i n f e c t e d  w i t h  F r a n k i a  a l t h o u g h  n o  s y m p t o m s  
o f  n i t r o g e n  d e f i c i e n c y  w e r e  v i s i b l e .  N o  m o d u l a t i o n  o c c u r r e d  
i n  c o n t r o l  f l a s k s .  H o s t  p l a n t  g r o w t h  i n  a l l  f l a s k s  w a s  
e x t r e m e l y  s l o w  o v e r  t h e  p e r i o d  o f  t h e  s t u d y .  T o t a l  p l a n t  
h e i g h t s  r a n g e d  f r o m  t h r e e  t o  f i v e  c m  a t  t i m e  o f  h a r v e s t .  
L i k e w i s e ,  i n f e c t i o n  a n d  n o d u l e  g r o w t h  r a t e s  w e r e  s l o w  
c o n s i d e r i n g  t h e  h i g h  c o n c e n t r a t i o n s  o f  i n o c u l u m  i n  e a c h  
f l a s k .  F r a n k i a  h y p h a l  g r o w t h  a p p e a r e d  i n  s o i l  s o l u t i o n s  o f  
a l l  b u t  t w o  o f  t h e  i n o c u l a t e d  f l a s k s .  I n  m o s t  c a s e s ,  
g r o w i n g  h y p h a e  w e r e  s m a l l  m y c e l i a l  m a t s  o r  f l o e s  w i t h  m a n y  
c l a y  p a r t i c l e s  a t t a c h e d .  T h e  p r e s e n c e  o f  m y c e l i a l  m a t s ,  1 0 0  
u m  i n  d i a m e t e r  o r  l a r g e r ,  w a s  c o n s i d e r e d  t o  b e  e v i d e n c e  o f  
h y p h a l  g r o w t h  s i n c e  m y c e l i a  o f  t h i s  s i z e  w e r e  n o t  f o u n d  i n  
t h e  s o n i c a t e d  F r a n k i a  i n o c u l u m .  B u r i e d  s l i d e s  w e r e  r e m o v e d  
f r o m  t w o  f l a s k s  o f  e a c h  i n o c u l u m  c o n c e n t r a t i o n  a n d  e x a m i n e d  
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T a b l e  1 .  G r o w t h  a n d  i n f e c t i o n  r a t e s  o f  F r a n k i a  s t r a i n  
C p l l  o n  A l n u s  g l u t i n o s a  u n d e r  s t e r i l e  
c o n d i  t i  o n s  
a  
F r a n k i a  i n o c u l u m  c o n c e n t r a t i o n  
R e p l i c a t i o n  
n u m b e r  1 3  6  8  
I n o c u l a t e d  
b  
1  + / +  + / -  + / -  + / +  
2  + / -  + / -  + / +  + /  -
3  + / +  + / +  + / +  + /  +  
c  
4  + / 0  + / +  - / -  - / +  
5  + / +  + / -  + / +  + / +  
6  + /  0  + /  +  + /  -  + /  +  
C o n t r o l  
2  - / -  - / -  - / -  - / -
3  - / -  - / -  - / -  - / -
4  - / -  - / "  - / -  - /  -
a  
F l a s k s  i n o c u l a t e d  w i t h  1  m l  C p M  i n  c o n c e n t r a t i o n s  
e q u i v a l e n t  t o  M a c F a r l a n d s  s t a n d a r d s  1 ,  3 ,  6 ,  a n d  8 .  
b  
+  =  g r o w t h  /  n o d u l a t i o n ,  -  =  n o  g r o w t h  /  n o  m o d u l a t i o n .  
c  
H o s t  p l a n t s  d i e d  6  m o n t h s  a f t e r  g e r m i n a t i o n .  
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u s i n g  t h e  F A  t e c h n i q u e .  A l l  s l i d e s  o b s e r v e d  s h o w e d  h y p h a l  
g r o w t h  t o  p r e d o m i n a t e  f r o m  t h e  w a t e r  l i n e  b e l o w  t h e  s o i l  
s u r f a c e  t o  w e l l  a b o v e  t h e  s o i l  s u r f a c e .  
B .  B i o a s s a y  o f  F r a n k i a  S o i l  P o p u l a t i o n s  
1 .  S o i  1  e n v i r o n m e n t  s t u d y  
H o s t  p l a n t  n o d u l e  f o r m a t i o n  a s  a f f e c t e d  b y  t r e a t m e n t  
l e v e l s  o f  s o i l  m o i s t u r e ,  p H ,  a n d  O . M .  i s  p r e s e n t e d  i n  T a b l e  
2 .  E a c h  l e v e l  r e p r e s e n t s  a n  a v e r a g e  o f  t h r e e  r e p l i c a t i o n s .  
A n a l y s i s  o f  v a r i a n c e  o f  t h e s e  d a t a  s h o w e d  n o  s i g n i f i c a n t  
i n t e r a c t i o n  b e t w e e n  t h e  d i f f e r e n t  t r e a t m e n t s  ( A p p e n d i x  A ,  
T a b l e  8 . 1 ) .  S i g n i f i c a n t  d i f f e r e n c e s  w e r e  f o u n d ,  h o w e v e r ,  i n  
n o d u l a t i o n  r e s p o n s e  t o  c h a n g e s  i n  l e v e l s  o f  s o i l  m o i s t u r e  
a n d  O . M .  
S o i l  m o i s t u r e  t r e a t m e n t s  d e m o n s t r a t e d  t h e  g r e a t e s t  
e f f e c t  o n  h o s t  p l a n t  n o d u l a t i o n  a n d  r o o t  w e i g h t .  N o d u l a t i o n  
r a t e s  w e r e  h i g h e s t  i n  p o t s  w a t e r e d  d a i l y  ( F i g .  1 ) .  
S i g n i f i c a n t  r e d u c t i o n s  i n  r o o t  n o d u l e  f o r m a t i o n  w e r e  f o u n d  
a s  t h e  t i m e  b e t w e e n  w a t e r i n g  i n c r e a s e d  ( P  =  0 . 0 0 1 ) .  S o i l  
w a t e r  p o t e n t i a l  m e a s u r e d  a f t e r  1 ,  2 ,  a n d  3  d a y s  d r y i n g  t i m e  
w e r e  - 5 ,  - 8 ,  a n d  - 1 0  b a r s ,  r e s p e c t i v e l y .  R e s p o n s e  o f  h o s t  
p l a n t  r o o t  w e i g h t s  t o  s o i l  m o i s t u r e  w a s  i n f l u e n c e d  b y  a n  




Watering period (days) 
Fig. 1 Effect of soil moisture levels on Alnus glutinosa 
root weight and nodulation by Frankia strain Cpll. 
Vertical bars represent standard error. 
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T a b l e  2 .  R o o t  n o d u l e  f o r m a t i o n  o f  F r a n k i  a  s t r a i n  C p l l  
o n  A l  n u s  g l u t i n o s a  s e e d l i n g s  a s  a f f e c t e d  b y  s o i l  
m o i s t u r e ,  p H ,  a n d  o r g a n i c  m a t t e r .  E a c h  v a l u e  i s  
t h e  a v e r a g e  o f  3  r e p l i c a t i o n s  
S o i l  p H  
a  
Added Soil 
s o i l  m o i s t u r e  4 . 5  6 . 0  7 . 2  
O . M . ( % )  l e v e l  
a v e .  t o t a l  n o d u l e s  p e r  p o t  
1  3 8 4  4 6 1  3 7 0  
0  2  3 6 0  2 9 6  3 2 3  
3 191 292 213 
1 218 334 278 
3 2 177 190 199 
3 189 169 127 
1 317 364 407 
6  2  2 3 4  2 7 4  2 7 0  
3 280 245 194 
_ 
S o i l  m o i s t u r e  l e v e l  1 ,  w a t e r e d  d a i l y ;  2 ,  w a t e r e d  
e v e r y  o t h e r  d a y ;  3 ,  w a t e r e d  e v e r y  3 r d  d a y .  
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d i r e c t l y  p r o p o r t i o n a l  t o  m o i s t u r e  l e v e l s  r e g a r d l e s s  o f  s o i l  
O . M .  { F i g .  2 ) .  T h e  i n f l u e n c e  o f  O . M .  o n  r o o t  w e i g h t s  w a s  
d e p e n d e n t  o n  s o i l  m o i s t u r e  l e v e l s ,  h o w e v e r .  
O.M. was also responsible for significant differences 
i n  r o o t  n o d u l e  f o r m a t i o n  ( P  =  0 . 0 0 2 ) .  M o d u l a t i o n  w a s  
h i g h e s t  a t  t h e  e x t r e m e  l e v e l s  o f  O . M .  a n d  I p w e s t  a t  t h e  m i d  
l e v e l  o f  3 %  O . M .  ( F i g .  3 ) .  T h e s e  r e s u l t s  m a y  h a v e  b e e n  
c o n f o u n d e d  b y  t h e  e f f e c t s  o f  O . M .  o n  A l n u s  h o s t  p l a n t s  p r i o r  
t o  t h e  b e g i n n i n g  o f  t h i s  e x p e r i m e n t .  A v e r a g e  p l a n t  h e i g h t s ,  
m e a s u r e d  o n e  m o n t h  a f t e r  c o m m e n c e m e n t  o f  t h e  e x p e r i m e n t ,  
w e r e  2 8  c m  f o r  p o t s  w i t h  n o  O . M .  w h i l e  p l a n t s  i n  p o t s  w i t h  3  
a n d  6 %  O . M .  w e r e  1 1  c m .  A n a l y s i s  o f  c o r r e l a t i o n  ( T a b l e  3 )  
s h o w e d  n o  s i g n i f i c a n t  c o r r e l a t i o n  ( P  =  0 . 4 5 2 )  b e t w e e n  t h e s e  
i n i t i a l  p l a n t  h e i g h t s  a n d  n o d u l e  n u m b e r s  a t  h a r v e s t ,  
h o w e v e r .  F i n a l  r o o t  w e i g h t  a n d  s t e m  d i a m e t e r  w e r e  a l s o  
m e a s u r e d .  C o r r e l a t i o n  a n a l y s i s  s h o w e d  n o  s i g n i f i c a n t  
c o r r e l a t i o n  b e t w e e n  r o o t  i n f e c t i o n  a n d  a n y  o f  t h e s e  h o s t  
p l a n t  g r o w t h  p a r a m e t e r s .  
S o i l  p H  a p p e a r e d  t o  h a v e  l i t t l e  i n f l u e n c e  o n  A l n u s  r o o t  
w e i g h t s  ( F i g .  4 ) .  A n a l y s i s  o f  v a r i a n c e  ( A p p e n d i x  A ,  T a b l e  
8 . 1 )  i n d i c a t e d  n o  s i g n i f i c a n t  d i f f e r e n c e s  w i t h i n  t h e  r a n g e  
o f  t h i s  e x p e r i m e n t  ( P  =  0 . 7 0 0 ) .  P l a n t s  f r o m  p o t s  w i t h  s o i l  











O.M.  % 
F ig .  2  In f l uence  o f  so i l  O .M.  and  mo is tu re  l eve ls  on  A lnus  
q lu t i nosa  roo t  we igh ts .  Po ts  wa te red  da i l y  (1 ) ,  
every  o the r  day  (2 ) ,  every  t h i rd  day  (3 ) .  Ver t i ca l  
ba r  rep resen ts  s tandard  e r ro r .  
43 
roo ts  
F ig .  3  E f fec t  o f  so i l  o rgan ic  mat te r  on  A inus  q lu t i nosa  
roo t  we igh t  and  nodu la t ion  by  F rank ia  s t ra in  Cp l l .  
Ver t i ca l  ba rs  rep resen t  s tandard  e r ro r .  
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Tab le  3 .  Cor re la t ion  coe f f i c ien ts  (PROB <  |  R I )  o f  f i na l  
roo t  nodu la t ion ,  f i na l  roo t  d ry  we igh t ,  i n i t i a l  
he igh t ,  and  f i na l  s tem d iamete r  fo r  A1nus  
g lu t i  nosa  hos t  p lan ts  
Nod  Roo tWt  I n tH t  D ia  
Nod  1 .000  0 .099  0 .105  0 .074  
(0 .000)  (0 .479)  (0 .452)  (0 .598)  
Roo tWt  0 .099  1 .000  0 .092  0 .291  
(0 .479)  (0 .000)  (0 .511)  (0 .034)  
In tH t  0 .105  0 .092  1 .000  0 .199  
(0 .452)  (0 .511)  (0 .000)  (0 .153)  
D ia  0 .074  0 .291  0 .199  1 .000  
(0 .598)  (0 .034)  (0 .153)  (0 .000)  
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roo ts  
4 .5  6 . 0  
So i l  pH 
7 .2  
F ig .  4  E f fec t  o f  so i l  pH on  A lnus  q lu t i nosa  roo t  we igh t  
and  nodu la t ion  by  F rank ia  s t ra in  Cp l l .  Ver t i ca l  ba rs  
rep resen t  s tandard  e r ro r .  
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4 .5  had  the  l owes t  nodu la t ion  ra tes .  D i f fe rences  be tween  
these  l eve ls  were  no t  s ign i f i can t ,  however  (P  ?= 0 .263) .  
O f  the  18  un inocu la ted  con t ro l  po ts  used  i n  th i s  
exper imen t ,  13  showed no  s igns  o f  i n fec t ion .  The  o the r  f i ve  
po ts  were  found  to  have  a  s ing le  nodu le  c lus te r  i n  each  po t .  
Severa l  o f  these  nodu les  had  reached  cons ide rab le  s i ze ,  
abou t  20  mm i n  d iamete r ,  much  l a rge r  than  any  s ing le  nodu le  
i n  the  i nocu la ted  po ts .  
2 .  P lan t  cover  s tudy  
Two d i f f e ren t  b ioassays  were  used  to  de te rm ine  
i n fec t ion  ra tes  o f  so i l  samp les  f rom the  va r ious  p lan t  cover  
t rea tmen ts .  I n  the  Mos t  P robab le  Number  t es t  s te r i l e  A1nus  
hos t  p lan ts  g rown i n  agar  s lan t  tubes  were  i nocu la ted  w i th  
so i l  so lu t ion  samp les .  Nodu la t ion  ra tes  were  l ow and  hos t  
p lan ts  g rew ve ry  s low ly  over  the  fou r  mon th  pe r iod  o f  t h i s  
b ioassay .  I n  add i t i on ,  many  hos t  p lan ts  d ied  f rom funga l  
i n fec t ions  p rovoked  by  h igh  humid i t y  w i th in  the  agar  s lan t  
tubes .  Due  to  the  poor  response ,  resu l t s  o f  t h i s  tes t  were  
no t  i nc luded  i n  th i s  s tudy .  
I n  the  second  b ioassay ,  so i l  samp les  f rom the  p lan t  
cover  s tudy  were  used  as  an  i nocu lum fo r  s te r i l e  A lnus  hos t  
p lan ts  g rown i n  Leach  tubes .  Hos t  p lan ts  i n  th i s  tes t  g rew 
rap id l y  and  showed v i s ib le  nodu la t ion  w i th in  two  weeks .  An  
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ana lys i s  o f  va r iance  (Append ix  A ,  Tab le  8 .2 )  o f  t h i s  
b ioassay  found  s ign i f i can t  d i f fe rences  i n  nodu la t ion  ra tes  
o f  so i l  samp les  f rom the  va r ious  cover  t ypes  (P  =  0 .001) .  
As  can  be  seen  i n  F ig .  5 ,  so i l  samp les  f rom Popu lus  po ts  
exh ib i ted  the  g rea tes t  i n fec t ion  ra te  fo l l owed  by  ba re -so i l -
on ly ,  A1  nus  and  g rass .  Duncan 's  Mu l t i p le  Range  t es t  was  
used  to  tes t  fo r  d i f f e rences  be tween  the  va r ious  t rea tmen ts .  
Nodu la t ion  ra tes  o f  Popu l  us  so i l  samp les  were  s ign i f i can t l y  
g rea te r  than  a l l  the  o the r  t rea tmen ts .  Bare  so i l  samp les  
were  s ign i f i can t l y  g rea te r  than  g rass  so i l  samp les  bu t  no t  
A lnus  samp les .  A1  nus  and  g rass  so i l  samp les  were  no t  
s ign i f i can t l y  d i f f e ren t .  On ly  fou r  o f  a  t o ta l  o f  48  so i l  
samp les  f rom con t ro l  tubes  showed any  nodu la t ion .  
A t  the  conc lus ion  o f  th i s  exper imen t ,  p lan t  cover  po ts  
con ta in ing  ATnus  were  ha rves ted  and  to ta l  nodu les  pe r  po t  
de te rm ined .  Dur ing  the  exper imen t  these  A lnus  had  rece ived  
the  same t rea tmen t  as  those  p lan ts  a t  so i l  mo is tu re  l eve l  1 ,  
pH 6 .0 ,  and  3% O.M.  i n  the  so i l  env i ronment  s tudy  w i th  one  
excep t ion .  A lnus  f rom the  p lan t  cover  exper imen t  rece ived  
30  ppm N tw ice  month ly  wh i le  A1nus  f rom the  so i l  s tudy  had  
no  added  n i t rogen .  Average  nodu les  per  po t  o f  the  p lan t  
cover  exper imen t  was  573 .  Th is  can  be  compared  w i th  334  










Alder  Pop la r  Grass  Bare  so i l  
on ly  
F ig .  5  Roo t  nodu le  fo rmat ion  on  s te r i l e  scad ! inns  o f  A1nus  
g lu t i nosa  p lan ted  i n  so i l  samp les  f rom benea th  va r ious  
p lan t  cover  t ypes .  Seed l ings  were  ha rves ted  a f te r  3  mo.  
g rowth  i n  10  g (d ry  w t . )  so i l  samp les .  Modu la t ion  ra tes  o f  
so i l  f rom cover  t ypes  w i th  the  same l e t te r  were  no t  
s ign i f i can t l y  d i f fe ren t  (P  = .05 )  as  de te rm ined  by  Duncan 's  
Mu l t i p le  Range  t es t .  
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demons t ra te  the  e f fec t  o f  l ow  leve ls  o f  n i t rogen  on  hos t  
p lan t  i n fec t ion  ra tes .  
C.  Immunoassay  o f  F rank ia  So i l  Popu la t ions  
1 .  An t ibody  p roduc t ion  
a .  Po lyc lona l  an t ibody  Rabb i t  an t i -Cp I l  who le  se rum 
t i t re  was  de te rm ined  by  tube  agg lu t ina t ion  tes t  to  be  1 :640 .  
Work ing  d i l u t i ons  o f  the  an t i se rum were  1 :50  and  1 :100  fo r  
FA techn ique  and  EL ISA,  respec t i ve ly .  Spec i f i c i t y  o f  the  
an t i se rum was  de te rm ined  by  FA techn ique  and  EL ISA as  shown 
i n  Tab le  4 .  These  tes ts  were  made  aga ins t  pu re  cu l tu res  o f  
25  m ic roo rgan isms  i so la ted  f rom the  so i l  o f  the  p lan t  cover  
po ts .  So i l  popu la t ions  o f  bac te r ia  f rom these  samp les  were  
approx imate ly  6  x  10^ /g  wh i le  ac t inomyce te  popu la t ions  were  
5  X  10^ /g .  A sub jec t i ve  v i sua l  ra t i ng  o f  0  to  4  was  app l ied  
to  FA responses  o f  the  25  i so la tes .  There  was  a  s l i gh t  
reac t ion  o f  one  bac te r ia  and  one  ac t inomyce te  fo r  the  FA 
techn ique .  Th is  techn ique  demons t ra ted  no t i ceab le  
d i f fe rences  be tween  F rank ia  s t ra in  responses  and  a l l  o the r  
m ic robes .  Ana lys i s  o f  va r iance  o f  EL ISA tes t  responses  
showed s ign i f i can t  d i f fe rences  (P  =  0 .001)  be tween  F rank i  a  
s t ra ins  assayed  (Append ix  A ,  Tab le  8 .3 ) .  Fu r the r  ana lys i s  
us ing  Duncan 's  Mu l t i p le  Range  t es t  showed F rank ia  s t ra in  
Cp l l  reac t ion  to  be  s ign i f i c ian t l y  g rea te r  than  a l l  o the rs .  
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Tab le  4 .  Immunoassay  reac t ions  o f  pu re  cu l tu re  
mic roogan isms  to  an t i -Cp I l  an t ibody .  
Immunoassay  
a  b ,c  
An t i  gen  I .D .  FA Techn ique  EL ISA 
F rank ia  sp .  Cp l l  
Ar  14  
Mp l l  





1 .56  a  
1 .40  b  
1 .22  c  




V isua l  ra t i ngs  :  0  (no  f l uo rescence)  to  4  
( ve ry  b r igh t ) .  
b  
Absorbence  read ings  a t  492  nm w i th  nega t i ve  con t ro l  
va lues  sub t rac ted .  
c  
Numbers  w i th  the  same l e t te rs  a re  no t  s ign i f i can t l y  
d i f f e ren t  as  de te rm ined  by  Duncan 's  Mu l t i p le  Range  
t es t  (P  = .05 ) .  
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Reac t ions  o f  s t ra in  Ar I4  were  s ign i f i can t l y  g rea te r  than  
s t ra ins  Mp l l  and  Eu l l  wh ich  were  no t  s ign i f i can t l y  
d i f fe ren t .  Reac t ions  o f  the  25  he te rogenous  m ic robes  tes ted  
were  no t  su f f i c ien t l y  h igher  than  nega t i ve  con t ro l s  to  a l l ow  
fo r  mean ing fu l  ana lys i s .  Sens i t i v i t y  o f  an t ibody  fo r  s t ra in  
Cp l l  i n  an  EL ISA tes t  i s  shown i n  F ig .  6 .  Th is  tes t  shows  
tha t  an t i -Cp I l  monoc lona l  and  po lyc lona l  an t ibod ies  used  i n  
a  sandwich  t ype  EL ISA can  de tec t  pu re  cu l tu re  concen t ra t ions  
o f  Cp l l  down to  the  10  ng  p ro te in /m l  l eve l .  
b .  Monoc lona l  an t ibody  Sp leen  ce l l s  f rom mice  
hyper immun ized  w i th  F rank ia  s t ra in  Cp l l  were  fused  w i th  
Sp2 /0  mye loma ce l l s .  S ing le  co lony  p r imary  hybr idoma 's  
resu l t i ng  f rom the  fus ion  were  sc reened  us ing  an  EL ISA tes t  
and  31  were  found  to  be  pos i t i ve  fo r  the  F rank ia  an t igen .  
N ine  o f  the  pos i t i ve  p r imary  hybr idomas  were  se lec ted  fo r  
c lon ing .  Fo l low ing  the  c lon ing  p rocedure ,  a  sc reen ing  tes t  
was  aga in  made  and  f i ve  o f  the  c lone  l i nes  were  d i sca rded .  
The  rema in ing  fou r  c lone  l i nes  were  ma in ta ined  fo r  an t ibody  
p roduc t ion .  F ig .  7  shows  the  F rank i  a  s t ra in  spec i f i c i t y  o f  
the  fou r  MCAs deve loped  aga ins t  Cp l l  an t igen .  C lone  3F5-A3  
showed a  s t rong  bu t  non-spec i f i c  reac t ion  fo r  the  F rank i  a  
s t ra ins  tes ted .  C lone  1G7-E2  had  a  modera te  bu t  non­
spec i f i c  reac t ion  fo r  the  s t ra ins .  C lone  2G5-G4 was  
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1000 10000 
Cpl l  concen t ra t ion  (nq  p ro te in /%1)  
F ig .  6  EL ISA sens i t i v i t y  tes t  fo r  F rank ia  s t ra in  Cp l l  i n  PBS.  
Sandwich  t ype  EL ISA (monoc lona l  b ind ing  an t ibody -po lyc lona l  
1abe l i  ng  an t ibody ) .  
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3F6-A3  
0 .6  
s  
c 
CM a>  
s  








Eu l l  Mp l l  A r I4  Cp l l  
F rank ia  s t ra in  
F ig .  7  EL ISA tes t  reac t ions  o f  fou r  MCAs deve loped  aga ins t  F rank ia  
s t ra in  Cp l l  t o  he te rogenous  s t ra ins  w i th in  the  genus .  
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spec i f i c  fo r  F rank ia  s t ra in  Eu l l  wh i le  c lone  3A9-B7  showed a  
weak  bu t  spec i f i c  reac t ion  fo r  s ta in  Cp l l .  
C lone  3F6-A3  was  se lec ted  fo r  use  w i th  the  EL ISA 
sandwich  tes t  to  de te rm ine  so i l  popu la t ions  o f  F rank ia .  A 
se r ies  o f  checkerboard  t i t ra t i ons  showed op t ima l  d i l u t i ons  
o f  c lone  3F6-A3  an t ibody  bound  to  EL ISA p la tes  to  be  1 :1000 .  
2 .  F1uorescen t  An t ibody  (FA)  techn ique  
The  FA techn ique  was  f i r s t  tes ted  aga ins t  s te r i l e  so i l  
samp les  to  wh ich  pure  cu l tu res  o f  F rank ia  s t ra in  Cp l l  had  
been  added .  Concen t ra ted  so i l  so lu t ion  samp les  were  smeared  
on  s l i des ,  s ta ined ,  and  v iewed  by  i nc iden t  l i gh t  f l uo rescen t  
m ic roscopy .  Observed  s l i des  showed s t rong  f l uo rescence  o f  
Cp l l  samp les  i ncuba ted  w i th  hyper immune rabb i t  se rum as  
compared  to  samp les  i ncuba ted  w i th  norma l  rabb i t  se rum 
showing  no  f l uo rescence .  Some background  f l uo rescence  was  
observed  due  to  non-spec i f i c  b ind ing  o f  immunoreagen ts  to  
so i l  pa r t i c les .  Th is  i n te r fe rence  was  m in ima l ,  however ,  as  
mos t  o f  the  so i l  pa r t i c les  were  removed  by  cen t r i f uga t ion  on  
a  suc rose  dens i t y  g rad ien t  (Methods  02 ) .  I n  add i t i on ,  the  
f i l amentous  na tu re  o f  the  F rank ia  m ic roorgan ism made i t  
read i l y  d i sce rn ib le  f rom so i l  pa r t i c les .  
The  FA techn ique  was  then  app l ied  to  th ree  so i l  
so lu t ion  samp les  each  taken  f rom 40  po ts  o f  the  p lan t  cover  
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s tudy  and  33  po ts ,  i nc lud ing  con t ro l s ,  o f  rep l i ca t ion  I I I  o f  
the  so i l  env i ronment  s tudy .  Three  bu r ied  s l i des  were  a l so  
taken  f rom each  o f  these  77  po ts  and  FA s ta ined .  A l though  a  
t o ta l  o f  more  than  400  s l i des  were  observed  fo r  p resence  o f  
F rank ia ,  none  con ta ined  m ic robes  whose  morpho logy  resemb led  
th i s  m ic roorgan ism nor  were  any  pos i t i ve l y  s ta ined  by  the  FA 
techn i  que .  
3 .  Enzyme L inked  Immunosorben t  Assay  (EL ISA)  
Sens i t i v i t y  o f  the  EL ISA assay  fo r  de tec t ing  F rank ia  
s t ra in  Cp l l  i n  so i l  was  de te rm ined  by  add ing  known 
concen t ra t ions  o f  pu re  cu l tu re  Cp l l  to  s te r i l e  so i l .  A f te r  
severa l  days  i ncuba t ion ,  so i l  so lu t ion  samp les  were  p repared  
(Methods  D2)  and  assayed  by  the  sandwich  EL ISA techn ique .  
As  shown i n  F ig .  8 ,  the  l owes t  de tec tab le  l eve l  o f  Cp l l  was  
approx imate ly  100  ng  (p ro te in )  pe r  g ram o f  so i l  t es ted .  
So i l  samp les  taken  f rom rep l i ca t ion  I I I  o f  the  so i l  
env i ronment  s tudy  were  assayed  fo r  p resence  o f  F rank i  a  
s t ra in  Cp l l  by  EL ISA.  Ana lys i s  o f  va r iance  revea led  
s ign i f i can t  d i f fe rences  be tween  mean  absorbance  va lues  o f  
the  tes ted  so i l  samp les  (Append ix  A ,  Tab le  8 .4 ) .  A con t ro l  
mean  absorbance  va lue  was  ca lcu la ted  by  averag ing  
measurements  o f  th ree  samp les  each  f rom s i x  con t ro l  po ts .  
Compar i son  o f  the  con t ro l  mean  to  samp le  means  f rom 27  
56 
0 .25  1  
0 .20  
i  
% 











0 .10  •  
0 .05  
—I— 
10 
—I 1 1— 
100 1000 10000 
Cpl l  concen t ra t ion  (nn  n ro te in /n  so i l )  
F ig .  8  EL ISA sens i t i v i t y  tes t  fo r  pure  cu l tu re  F rank ia  s t ra in  
Cp l l  added  to  s te r i l e  so i l .  Sandwich  t ype  EL ISA 
(monoc lona l  b ind ing  an t ibody -po lyc lona l  l abe l ing  
an t ibody ) .  
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i nocu la ted  po ts  were  made  by  LSD (Tab le  5 ) .  Resu l t s  show 
tha t  approx imate ly  1 /2  o f  the  samp le  po ts  had  mean  
absorbance  va lues  less  than  those  o f  the  con t ro l .  Of  the  27  
samp led  po ts  on ly  fou r  showed va lues  s ign i f i can t l y  g rea te r  
than  the  con t ro l .  
An  ana lys i s  o f  va r iance  o f  EL ISA assay  responses  to  
so i l  samp le  wa te r ,  pH,  and  O.M.  t rea tmen ts  was  made  fo r  da ta  
f rom rep l i ca t ion  I I I  o f  the  so i l  env i ronment  s tudy  (Append ix  
A ,  Tab le  8 .5 ) .  Because  rep l i ca t ion  I I I  o f  the  so i l  
env i ronment  s tudy  con ta ined  on ly  one  rep l i ca t ion  o f  the  
o r ig ina l  so i l  env i ronment  s tudy ,  the re  were  i nsu f f i c ien t  
degrees  o f  f reedom to  make  an  ana lys i s  as  the  s tudy  was  
i n i t i a l l y  des igned  to  do .  Based  on  p rev ious  ana lys i s  wh ich  
showed no interaction between soil water, pH, and O .M. 
t rea tmen ts  (Append ix  A ,  Tab le  8 .1 ) ,  the  i n te rac t ion  sums o f  
squares  was  used  fo r  the  e r ro r .  Resu l t s  shown i n  Append ix  
A ,  Tab le  8 .5  i nd ica te  tha t  so i l  wa te r ,  pH,  and  O.M.  
t rea tmen ts  had  no  i n f l uence  on  so i l  samp le  measurements  made  
by  EL ISA assay .  
Ana lys i s  o f  co r re la t ion  showed tha t  when  resu l t s  o f  the  
b ioassay ,  as  rep resen ted  by  nodu les  pe r  samp le  po t ,  were  
compared  to  mean  absorbance  va lues  measured  by  the  EL ISA 
immunoassay  no  co r re la t ion  ex is ted  (PROB >  I  R I  o f  
0 .9652  ) .  
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Tab le  5 .  EL ISA assay  fo r  F rank ia  s t ra in  Cp l l  i n  so i l .  
Samp les  taken  f rom rep l i ca t ion  I I I  o f  the  so i l  
env i ronment  s tudy  
- g-
Sample  po t  So i l  t rea tmen t  subsamp les  EL ISA 
7  1 -4 .5 -0  3  0 .64  
17  2 -4 .5 -0  3  0 .54  
26  1 -7 .2 -6  3  0 .48  
10  3 -4 .5 -3  3  0 .48  
27  1 -6 .0 -6  3  0 .45  
13  1 -4 .5 -6  3  0 .40  
20  2 -7 .2 -3  3  0 .39  
11  2 -6 .0 -0  3  0 .36  
4  3 -6 .0 -3  3  0 .36  
2  3 -4 .5 -0  3  0 .34  
25  3 -6 .0 -0  3  0 .34  
12  1 -4 .5 -0  3  0 .33  
9  3 -7 .2 -3  3  0 .31  
Con t ro l  c  — — — — — — —  18  0 .31  
16  1 -7 .2 -0  3  0 .30  
3  1 -6 .0 -0  3  0 .25  
8  3 -7 .2 -0  3  0 .20  
23  3 -4 .5 -6  3  0 .20  
1  3 -7 .2 -6  3  0 .19  
15  1 -6 .0 -3  3  0 .19  
22  2 -7 .2 -0  3  0 .18  
5  2 -4 .5 -3  3  0 .18  
18  3 -6 .0 -0  3  0 .18  
24  1 -7 .2 -3  3  0 .18  
6  2 -7 .2 -3  3  0 .13  
14  2 -6 .0 -0  3  0 .13  
21  2 -6 .0 -3  3  0 .06  
19  2 -4 .5 -6  3  0 .06  
a  
F i r s t  number  rep resen ts  days  be tween  wa te r ing ,  second  
number  so i l  pH,  and  the  th i rd  number  % so i l  O.M.  
b  
Mean  absorbance  a t  492  nm.  Means  covered  by  ba r  a re  
no t  s ign i f i can t l y  d i f f e ren t  as  de te rm ined  by  LSD (P= .05) .  
1/2 
Sd =  [ . 131  (1 /6  +  1 ) ]  =  .12  
t sd  ( .05 )  =  (1 .96 )  ( .12 )  =  .23  
c  
Con t ro l  mean  i s  an  average  o f  th ree  samp les  each  
f rom s i x  con t ro l  po ts .  
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V.  DISCUSSION 
A .  B ioassay  o f  F rank ia  So i l  Popu la t ions  
Hos t  p lan t  b ioassays  fo r  the  p resence  o f  F rank ia  showed 
the  i n fec t ion  ra te  o f  t h i s  o rgan ism to  be  a f fec ted  by  so i l  
mo is tu re  and  O.M.  bu t  no t  by  so i l  pH w i th in  the  range  o f  
t h i s  tes t .  Resu l t s  showed h ighes t  i n fec t ion  a t  pH 6 .0  bu t  
d i f fe rences  be tween  th i s  l eve l  and  pH 4 .5  and  pH 7 .2  were  
no t  s ign i f i can t .  These  f i nd ings  va ry  f rom those  o f  Canz io  
e t  a l .  (1978)  and  Burggraa f  and  Sh ip ton  (1982)  who  repor ted  
s ign i f i can t  reduc t ion  o f  nodu la t ion  be low pH 5 .0 .  Canz io  e t  
a l .  (1978)  repor ted  no  s ign i f i can t  d i f fe rences  i n  hos t  p lan t  
nodu la t ion  be tween  pH 6 .0  and  9 .0 .  Knowl ton  and  Dawson  
(1983) ,  however ,  found  max imum i n fec t i v i t y  o f  F rank ia  to  
occur  f rom pH 5 .0  to  6 .0  i n  the  p resence  o f  o the r  so i l  
m ic roo rgan isms .  Cons ide r ing  the  w ide  range  o f  op t ima l  pH 
l eve ls  g i ven  by  o the r  worke rs ,  resu l t s  o f  the  p resen t  s tudy  
wou ld  seem reasonab le .  
So i l  mo is tu re  l eve l  p roved  to  be  a  h igh ly  s ign i f i can t  
fac to r  i n  F rank i  a  i n fec t ion  ra tes .  So i l  he ld  a t  wa te r  l eve l  
1  d r ied  down f rom a  sa tu ra ted  so i l  immed ia te l y  a f te r  
wa te r ing  to  an  average  o f  -5  ba rs  w i th in  24  h r .  So i l  
ma in ta ined  a t  wa te r  l eve ls  2  and  3  d r ied  down to  -8  bars  
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a f te r  48  h r  and  -10  bars  a f te r  72  h r ,  respec t i ve ly .  Hos t  
p lan ts  i n  leve l  2  so i l  mo is tu re  showed a  3 0 %  decrease  i n  
nodu la t ion  ra te  re la t i ve  to  p lan ts  a t  l eve l  1  wh i le  
modu la t ion  ra tes  o f  p lan ts  a t  l eve l  3  were  reduced  by  40%.  
A l though  the re  a re  no  comparab le  da ta  o f  the  e f fec ts  o f  so i l  
mo is tu re  on  F rank ia  i n fec t ion  ra tes ,  work  by  Sh ip ton  and  
Burggraa f  (1982)  showed a  50% reduc t ion  i n  F rank ia  g rowth  
be low -5  to  -8  ba rs  when  measured  i n  pure  cu l tu re .  S ince  
h igh  mo is tu re  l eve ls  a re  necessary  fo r  op t ima l  i n fec t ion  
ra tes ,  reduced  n i t rogen  f i xa t ion  by  ac t ino rh iza l  p lan ts  
g rown on  d r ie r  s i tes  m igh t  be  expec ted .  A pa r t i a l  so lu t ion  
to  th i s  p rob lem may  be  to  i nocu la te  hos t  p lan t  seed l ings  i n  
the  g reenhouse  under  op t ima l  cond i t i ons  p r io r  to  ou t  
p lan t ing .  I t  i s  log ica l  tha t  adequa te  l eve ls  o f  so i l  
mo is tu re  a re  no t  on ly  necessary  fo r  g rowth  o f  t h i s  
non-mot i l e  o rgan ism bu t  a l so  impor tan t  fo r  t rans loca t ion  o f  
the  m ic robe  to  poss ib le  roo t  i n fec t ion  s i tes .  
Organ ic  mat te r  showed s ign i f i can t  bu t  con fus ing  e f fec ts  
on  p lan t  i n fec t ion  ra tes .  Nodu la t ion  was  g rea tes t  a t  the  
lower  and  upper  l eve ls  o f  O.M.  w i th  s ign i f i can t l y  reduced  
i n fec t ion  a t  the  m id  l eve l .  These  resu l t s  may  have  been  due  
to  con found ing  fac to rs  in t roduced  a t  the  beg inn ing  o f  the  
fac to r ia l  exper imen t .  S te r i l e  hos t  p lan ts  were  i n t roduced  
to  tes t  po ts  con ta in ing  so i l  w i th  the  va r ious  O.M.  l eve ls  
two  months  p r io r  to  i nocu la t ion  w i th  F rank ia  s t ra in  Cp l l  so  
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t he  p lan ts  cou ld  become we l l  es tab l i shed  be fo re  i nocu la t ion .  
A t  the  t ime  o f  i nocu la t ion  i t  was  d i scovered  tha t  p lan ts  i n  
po ts  w i thou t  O.M.  were  cons ide rab ly  t a l l e r  than  those  a t  the  
3  and  6% O.M.  l eve l .  Th is  cond i t i on  may  have  been  due  to  
i n i t i a l  immob i l i za t ion  o f  so i l  N by  m ic robes  engaged  i n  
b reak  down o f  the  O.M.  P lan ts  i n  po ts  con ta in ing  no  O.M.  
m igh t  then  have  had  a  g rowth  advan tage  w i th  a  more  expans ive  
roo t  sys tem more  l i ke l y  to  be  i n fec ted  w i th  the  endophy te .  
Ana lys i s  o f  co r re la t ion ,  however ,  showed no  co r re la t ion  
be tween  roo t  we igh ts  a t  t ime  o f  ha rves t  and  nodu la t ion  o r  
i n i t i a l  p lan t  he igh ts  taken  shor t l y  a f te r  i nocu la t ion  and  
nodu la t ion .  
P lan t  cover  exh ib i ted  a  subs tan t ia l  e f fec t  on  F rank ia  
so i l  i n fec t ion  leve ls .  Surp r i s ing ly ,  i n fec t i ve  ra tes  o f  
so i l s  f rom a lde r  po ts  were  no t  s ign i f i can t l y  d i f f e ren t  than  
those  o f  ba re -so i l -on ly  o r  g rass  po ts  wh i le  i n fec t ion  ra tes  
o f  so i l s  f rom pop la r  po ts  were  s ign i f i can t l y  g rea te r  than  
a l l  o the r  t rea tmen ts .  Resu l t s  o f  p rev ious  s tud ies ,  however ,  
have  a l so  shown tha t  the  p resence  o f  ac t ino rh iza l  p lan ts  a re  
no t  necessary  fo r  ma in ta in ing  i n fec t i ve  so i l  popu la t ions  o f  
F rank ia  (Rodr iquez -Bar rueco ,  1968 ;  Benecke ,  1969 ;  Cas t ro  e t  
a l . ,  1976) .  I n  the  p resen t  s tudy ,  h igh  nodu la t ion  ra tes  o f  
so i l s  w i thou t  p lan t  cover  and  l ack  o f  co r re la t ion  be tween  
ac t ino rh iza l  p lan t  roo t  mass  and  nodu le  fo rmat ion  ind ica te  
tha t  the  rh i zosphere  e f fec t  o f  p lan t  roo ts  on  i n fec t i ve  
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par t i c les  o f  F rank ia  were  m in ima l .  Th is  sugges ts  tha t  
d i f f e rences  i n  in fec t i ve  so i l  popu la t ion  o f  F rank ia  may  be  
p r imar i l y  due  to  the  i nd i rec t  i n f l uences  o f  p lan ts .  
A l though  a l l  cover  t rea tmen ts  were  wa te red  da i l y ,  
cons ide rab le  d i f fe rences  i n  so i l  mo is tu re  l eve ls  were  
observed .  Po ts  w i th  ba re -so i l -on ly  appeared  to  d ry  fas te r  
than  those  w i th  p lan ts .  So i l  i n  po ts  w i th  g rass  cover  was  
a lmos t  cons tan t l y  sa tu ra ted .  Mo is tu re  l eve ls  have  a l ready  
been  shown to  s ign i f i can t l y  a f fec t  nodu la t ion  l eve ls  o f  so i l  
i n  the  p resen t  s tudy .  Ind i rec t  e f fec ts  such  as  shad ing  and  
so i l  mo is tu re  m igh t  a l so  in f l uence  popu la t ions  o f  o the r  
m ic robes  bene f i c ia l  to  the  i n fec t ion  p rocess  o r  m ic robes  
tha t  p rey  on  the  i n fec t i ve  pa r t i c les .  
In fec t i v i t y  o f  F rank i  a  so i l  popu la t ions  was  
cons ide rab ly  enhanced  i n  po ts  con ta in ing  low leve ls  o f  
comb ined  n i t rogen  versus  po ts  w i thou t  added  n i t rogen .  
Compar i son  o f  p lan t  cover  s tudy  a lde r ,  w i th  30  ppm N added  
tw ice  mon th ly ,  to  so i l  env i ronment  a lde r  t rea ted  the  same 
bu t  w i thou t  added  N revea led  a  70% i nc rease  i n  nodu la t ion  
a t t r i bu tab le  to  the  i n t roduc t ion  o f  comb ined  n i t rogen .  The  
reasons  fo r  inc reased  nodu la t ion  i n  po ts  w i th  comb ined  
n i t rogen  a re  no t  known.  I t  i s  un l i ke ly ,  however ,  t ha t  th i s  
response  was  due  to  inc reased  roo t  g rowth  s ince  resu l t s  o f  
the  so i l  env i ronment  s tudy  showed no  co r re la t ion  be tween  
roo t  mass  and  nodu la t ion  o f  ac t ino rh iza l  p lan ts .  Combined  
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n i t rogen  may  i nc rease  i n fec t ion  ra tes  by  s t imu la t ing  F rank ia  
g rowth .  Sh ip ton  and  Burggraa f  (1982)  found  subs tan t ia l  
i nc reases  i n  g rowth  ra tes  o f  pu re  cu l tu re  F rank ia  i n  low 
n i t rogen  ve rsus  no  n i t rogen  med ia .  
B .  Immunoassay  o f  F rank i  a  So i l  Popu la t ions  
Spec i f i c i t y  o f  an t ibody  fo r  i t s  homogenous  an t igen  i s  
o f  p r imary  impor tance  i n  the  deve lopment  o f  any  immunoassay .  
Work  by  Baker  e t  a l .  (1981)  showed c ross  reac t i v i t y  o f  who le  
se rum an t i -Cp I l  an t ibody  w i th  o the r  so i l  m ic robes  to  such  an  
ex ten t  as  to  make  the  F luo rescen t  An t ibody  (FA)  techn ique  
unusab le  fo r  F rank ia  i den t i f i ca t ion .  I t  was  concern  fo r  
poss ib le  c ross  reac t i v i t y  o f  po lyc lona l  an t ibody  ea r l y  i n  
the  course  o f  the  p resen t  s tudy  tha t  l ed  to  deve lopment  o f  
monoc lona l  an t ibod ies  fo r  F rank i  a  s t ra in  Cp l l .  Because  MCAs 
can  be  deve loped  fo r  a  s ing le  ep i tope  on  a  m ic rob ia l  an t igen  
they  have  a  much  g rea te r  po ten t ia l  f o r  p roduc ing  a  h igh ly  
spec i f i c  an t ibody  than  conven t iona l  po lyc lona l  an t ibod ies  
(God ing ,  1980) .  
Resu l t s  o f  the  p resen t  s tudy ,  however ,  showed an t i -Cp I l  
po lyc lona l  an t ibody  used  i n  the  FA immunoassay  to  be  
reasonab ly  spec i f i c  fo r  F rank ia  s t ra in  Cp l l .  No  s ign i f i can t  
c ross  reac t ion  o f  an t ibody  w i th  he te rogenous  m ic rob ia l  
an t igens  was  found  i n  the  FA t es t .  In  add i t i on ,  th i s  assay  
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was  ab le  to  de tec t  se ro log ica l  d i f f e rences  be tween  s t ra ins  
w i th in  the  F rank ia  genus .  When FA tes ts  u t i l i z ing  the  fou r  
MCA c lones  deve loped  i n  th i s  s tudy  were  compared  w i th  tes ts  
w i th  who le  se rum po lyc lona l  an t ibody ,  f l uo rescen t  reac t ions  
were  much  g rea te r  fo r  the  po lyc lona l  an t ibody  tes ts .  Th is  
was  p robab ly  due  to  the  fac t  tha t  who le  se rum f rom 
hyper immun ized  an ima ls  con ta ins  an t ibody  tha t  reac ts  w i th  
a l l  the  ep i topes  o f  an  an t igen  wh i le  MCA's  reac t  w i th  on ly  a  
s ing le  ep i tope .  Enhanced  reac t ion  response  i n  con junc t ion  
w i th  sa t i s fac to ry  b ind ing  spec i f i c i t y  made  po lyc lona l  who le  
se rum an t ibod ies  more  su i tab le  fo r  use  i n  the  FA techn ique  
than  MCAs.  
A  comb ina t ion  o f  po lyc lona l  and  monoc lona l  an t ibod ies  
p rov ided  the  g rea tes t  sens i t i v i t y  i n  the  sandwich  EL ISA.  
The  use  o f  a  MCA as  a  coa t ing  an t ibody  and  who le  se rum 
po lyc lona l  an t ibod ies  fo r  l abe l ing  cou ld  de tec t  l ower  l eve ls  
o f  F rank ia  than  sandwich  Enzyme L inked  Immunosorben t  (EL ISA)  
assays  emp loy ing  two  d i f f e ren t  MCAs o r  EL ISA assays  w i th  
who le  se rum an t ibod ies  a lone .  Work  by  H i l l  e t  a l .  (1984)  
showed s im i la r  responses  when  compar ing  rad io immunoassays  o f  
a  p lan t  v i rus  us ing  a  s ing le  MCA fo r  bo th  coa t ing  and  
l abe l ing  an t ibody  to  tes ts  us ing  a  m ixed  MCA-po lyc lona l  
assay .  However ,  when  these  au thors  compared  m ixed  
po lyc lona l  an t ibody  assays  to  tes ts  us ing  two  MCAs deve loped  
aga ins t  d i f f e ren t  ep i topes ,  the  l a t te r  p roved  to  be  more  
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sens i t i ve .  Con t ras ts  be tween  these  resu l t s  and  those  o f  t he  
p resen t  s tudy  may  have  been  due  t o  d i f f e rences  i n  a f f i n i t y  
o f  MCAs  ava i l ab le  f o r  assays .  
Once  r e l i ab le  immunoassays  were  deve loped ,  two  ma jo r  
p rob lems  had  t o  be  add ressed  i n  o rde r  t o  u t i l i ze  these  t es t s  
f o r  quan t i f i ca t i on  o f  F rank ia  so i l  popu la t i ons .  The  f i r s t  
p rob lem was  t o  concen t ra te  so i l  popu la t i ons  o f  F rank ia  t o  
h igh  enough  l eve l s  t ha t  they  m igh t  be  measu red  by  
immunoassay .  As  r epo r ted  by  Schmid t  ( 1974 ) ,  2 -6  m i l l i on  
Rh izob ium wou ld  have  t o  be  p resen t  pe r  g ram o f  so i l  i n  o rde r  
t o  coun t  a  s i ng le  ce l l  pe r  m ic roscope  f i e l d  i n  the  FA 
immunoassay .  Second ,  t echn iques  had  t o  be  emp loyed  t ha t  
wou ld  m in im ize  the  e f f ec t s  o f  so i l  pa r t i c l es  on  immunoassay  
response .  Non-spec i f i c  abso rp t i on  o f  immunoreagen ts  by  c l ay  
pa r t i c l es  caused  ex tens i ve  mask ing  o f  immune  reac t i ons  i n  
EL ISA and  t o  a  l esse r  ex ten t  i n  the  FA t echn ique .  A t temp ts  
t o  sepa ra te  so i l  pa r t i c l es  f rom m ic roo rgan isms  (M.O.s )  w i t h  
f l occu la t i ng  agen ts  (Schmid t ,  1974 )  were  unp roduc t i ve .  
S ince  mos t  F rank ia  hyphae  were  bound  t o  so i l  pa r t i c l es ,  
add i t i on  o f  f l occu la t i on  agen ts  removed  the  M.O.s  as  we l l  as  
t he  so i l .  I t  was  f ound  t ha t  by  ma in ta in ing  so i l  samp les  i n  
d i l u te  so lu t i on  a t  pH 10 .0 , i n  the  p resence  o f  a  de te rgen t  
f o r  48  hou rs  t ha t  b ind ing  o f  F rank ia  t o  so i l  pa r t i c l es  cou ld  
be  cons ide rab l y  reduced .  Research  by  Tay lo r  e t  a l .  (1981 )  
i nvo l v ing  adso rp t i on  o f  v i rus  to  so i l  revea led  a  sha rp  
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reduc t i on  i n  adso rp t i on  by  mon tmor i1 lon i t e  c l ay  above  pH 
9 .0 .  These  au tho rs  sugges t  t ha t  s ince  the  su r face  cha rge  o f  
t h i s  c lay  rema ins  nega t i ve  be tween  pH 4  t o  pH 11  i nc reases  
i n  so i l  so lu t i on  pH above  the  i soe lec t r i c  po in t  o f  t he  v i rus  
change  i t s  su r face  cha rge  to  nega t i ve  the reby  reduc ing  
adso rp t i on  to  the  c l ay .  Add i t i on  o f  de te rgen ts  reduces  any  
f u r the r  b ind ing  o f  so i l  and  M.O.  by  d i s rup t i ng  hyd rophob ic  
i n te rac t i ons  (Sh ie lds  and  Fa r rah ,  1983 ) .  
Fo l l ow ing  t h i s  t rea tmen t ,  F rank ia  cou ld  be  sepa ra ted  
f rom so i l  samp les  and  concen t ra ted  by  cen t r i f uga t i on  on  a  
suc rose  dens i t y  g rad ien t .  Op t ima l  cen t r i f uga t i on  speed  and  
t ime  fo r  max imum recove ry  o f  F rank ia  w i th  m in ima l  l eve l s  o f  
so i l  was  de te rm ined  emp i r i ca l l y .  Under  t he  cond i t i ons  used  
i n  the  p resen t  s tudy ,  app rox ima te l y  65% o f  F rank i  a  i n  the  
so i l  was  recove red  be fo re  concen t ra t i on  o f  samp les .  
App l i ca t i on  o f  t h i s  so i l  M .O.  i so la t i on  techn ique  to  samp les  
f rom the  s te r i l e  f l ask  s tudy  worked  we l l .  When  FA  s ta in  was  
app l i ed  to  the  i so la ted  F rank ia  they  were  c l ea r l y  v i s i b le  
wh i l e  F rank i  a  on  t he  app rop r ia te  con t ro l  s l i des  w i thou t  FA 
s ta in  cou ld  no t  be  seen .  Some backg round  f l uo rescence  was  
appa ren t  due  t o  non -spec i f i c  abso rp t i on  o f  s ta in  by  so i l  
pa r t i c l es ;  however ,  t he  f i l amen tous  morpho logy  o f  F rank ia  
made  i t  eas i l y  recogn izab le .  When  t h i s  techn ique  was  used  
w i th  samp les  t aken  f rom the  so i l  env i ronmen t  s tudy  g rown  
under  na tu ra l  cond i t i ons ,  no  F rank ia  were  i den t i f i ed .  FA 
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t es t  resu l t s  l ed  to  the  conc lus ion  t ha t ,  (1 )  F rank ia  do  no t  
occu r  i n  the  so i l  i n  the  hypha l  s tage ,  o r  (2 )  t h i s  fo rm i s  
poss ib le  under  na tu ra l  cond i t i ons  bu t  a t  concen t ra t i ons  too  
l ow  to  be  measu red .  These  conc lus ions  were  re in fo rced  by  
EL ISA assays  o f  the  same so i l  samp les .  O f  t he  t o ta l  samp les  
f rom po ts  i nocu la ted  w i th  F rank ia  s t ra in  Cp l l ,  ha l f  showed  
read ings  g rea te r  than  the  un inocu la ted  con t ro l  samp les  and  
ha l f  showed  read ings  l ess  than  con t ro l s .  I n  add i t i on ,  
s ta t i s t i ca l  ana l ys i s  found  t ha t  so i l  t r ea tmen ts  had  no  
i n f l uence  on  the  EL ISA assay .  Th i s  ev idence  sugges ts  t ha t  
t he re  were  no  measu rab le  l eve l s  o f  F rank ia  w i th in  the  l im i t s  
o f  t he  p resen t  t es t .  
I n  con t ras t ,  t he  po ten t i a l  f o r  hypha l  g row th  o f  the  
F rank ia  endophy te  ou ts ide  i t s  hos t  p lan t  has  been  
demons t ra ted  i n  th i s  s tudy .  Obse rva t i ons  o f  hypha l  g row th  
were  appa ren t  on  bu r i ed  s l i des  and  i n  so i l  so lu t i on  samp les  
i n  a l l  bu t  two  f l asks  o f  t he  s te r i l e  f l ask  s tudy .  Growth  o f  
these  o rgan isms  under  ascep t i c  cond i t i ons  occu r red  i n  the  
p resence  o f  a  ca l c ine  c lay  ' o i l - d ry ' ,  a  s imp le  p lan t  
nu t r i en t  so lu t i on ,  and  a  hos t  p lan t .  Repor t s  o f  
ex t ranodu la r  g row th  o f  F rank ia  under  s im i l a r  cond i t i ons  were  
made  by  D iem e t  a l .  (1982 ) .  
I t  may  be  t ha t  due  t o  i t s  s low  g rowth  ra te  and  
compe t i t i on  f rom o the r  so i l  o rgan i sms ,  F rank i  a  hypha l  g row th  
on l y  occu rs  i n  the  immed ia te  v i c i n i t y  o f  hos t  p lan t  roo ts .  
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So i l  popu la t i ons  o f  F rank ia  i n  tha t  case  wou ld  be  
p redomina te l y  i n  the  spo re  f o rm.  S ince  f l uo rese ing  spo res  
wou ld  be  und i s t i ngu i shab le  f rom sma l l  so i l  pa r t i c l es ,  FA 
t es t s  wou ld  no t  revea l  t he i r  p resence .  L i kew ise ,  i f  the  MCA 
used  as  a  b ind ing  an t i body  i n  the  sandw ich  EL ISA was  no t  
spec i f i c  f o r  an  ep i t ope  common t o  F rank ia  spo res  t h i s  assay  
wou ld  no t  de tec t  t he i r  p resence  e i t he r .  
Because  popu la t i ons  o f  F rank ia  cou ld  no t  be  quan t i f i ed  
d i rec t l y  f rom so i l  samp les  by  immunoassay ,  co r re la t i ons  
be tween  those  popu la t i ons  and  hos t  p lan t  i n fec t i on  ra tes  
cou ld  no t  be  made .  The re fo re ,  i t  canno t  be  de te rm ined  how 
accu ra te l y  modu la t i on  l eve l s ,  as  a f f ec ted  by  the  va r i ous  
t rea tmen ts  o f  t he  so i l  env i ronmen t  and  p lan t  cove r  s tud ies ,  
r e f l ec t  t rue  popu la t i on  l eve l s  o f  the  F rank ia  m ic roo rgan ism.  
Fu tu re  e f f o r t s  i n  immunoassays  f o r  quan t i f i ng  so i l  
popu la t i ons  o f  F rank ia  wou ld  p robab ly  bes t  be  se rved  by  
concen t ra t i ng  on  t he  EL ISA assay .  Measu remen ts  made  by  t he  
FA t echn ique  a re  sub jec t i ve  and  samp le  p repa ra t i on  i s  much  
more  t ime  consuming  than  the  EL ISA.  I n  o rde r  t o  i nc rease  
the  sens i t i v i t y  o f  t h i s  t es t ,  be t te r  b lock ing  agen ts  mus t  be  
f ound  to  m in im ize  the  non -spec i f i c  up take  o f  immunoreagen ts .  
Con t i nued  resea rch  i s  needed  t o  f i nd  more  e f f i c i en t  me thods  
o f  i so la t i ng  and  concen t ra t i ng  so i l  m ic roo rgan isms .  I f  the  
spo re  fo rm o f  F rank ia  p redomina tes  i n  the  so i l ,  deve lopmen t  
o f  a  h igh  a f f i n i t y  MCA spec i f i c  t o  spo res  wou ld  be  use fu l .  
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Since  i t  i s  now known  t ha t  v i ab le  so i l  popu la t i ons  o f  
F rank ia  can  be  p rese rved  w i thou t  p lan t  cove r ,  f u r the r  
b ioassays  o f  the  e f f ec t s  o f  so i l  t r ea tmen ts  on  t h i s  
m ic roo rgan ism w i l l  be  much  s imp le r  t o  pe r fo rm.  Long  te rm 
s tud ies  o f  the  i n f l uence  o f  va r i ous  so i l  env i ronmen t  
pa ramete rs  on  F rank i  a  cou ld  be  done  w i thou t  the  necess i t y  o f  
ma in ta in ing  an  assay  p lan t  i n  the  t rea ted  so i l s .  A t  t he  end  
o f  each  s tudy ,  b ioassays  wou ld  be  done  by  g row ing  s te r i l e  
ac t i no rh i za l  hos t  p lan ts  i n  samp led  so i l s .  
Fu tu re  app l i ca t i ons  o f  b ioassays  m igh t  i nc lude  
de te rm ina t i on  o f  t he  e f f ec t s  o f  so i l  t ex tu re  on  F rank ia  
i n fec t i v i t y .  So i  1 -1  i ke  med ium used  i n  the  p resen t  s tudy  
cons i s ted  o f  c l ay  w i th  and  w i thou t  added  o rgan ic  ma t te r .  
The  h igh  bu f fe r i ng  capac i t y  o f  c l ay  made  ad jus tmen ts  o f  so i l  
pH  d i f f i cu l t .  As  p rev ious l y  men t i oned ,  t he  h igh  
adso rp t i v i t y  o f  c l ay  f o r  reagen ts  i n  the  immunoassays  caused  
a  g rea t  dea l  o f  backg round  "no i se "  and  t he re fo re  l owered  the  
sens i t i v i t y  o f  t hese  t es t s .  I f  adequa te  l eve l s  o f  F rank ia  
cou ld  be  ma in ta ined  i n  l i gh te r ,  sandy  so i l s  the  e f f ec t s  o f  
these  f ac to rs  cou ld  be  l essened .  
Resu l t s  o f  t he  p resen t  s tudy  have  shown  t ha t  l ow  l eve l s  
o f  added  n i t r ogen  have  a  subs tan t i a l  e f f ec t  on  hos t  p lan t  
modu la t i on ,  a t  l eas t  when  adequa te  l eve l s  o f  so i l  mo is tu re  
a re  ma in ta ined .  Fu r the r  work  cou ld  be  done  t o  de te rm ine  
op t ima l  l eve l s  and  sou rces  o f  n i t r ogen  fo r  nodu la t i on  o f  
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ac t i no rh i za l  p lan ts .  The  ques t i on  o f  whe the r  added  n i t r ogen  
inc reases  i n fec t i v i t y  o f  t he  F rank ia  endophy te  o r  i nc reases  t he  
ab i l i t y  o f  t he  hos t  p lan t  t o  become i n fec ted  wou ld  a l so  be  an  
i n te res t i ng  one  t o  add ress .  
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VI .  SUMMARY AND CONCLUSIONS 
So i l  mo is tu re  l eve l s  had  a  s i gn i f i can t  e f f ec t  on  
nodu la t i on  o f  ac t i no rh i za l  hos t  p lan ts .  Nodu le  
f o rma t ion  was  d i rec t l y  p ropo r t i ona l  t o  ava i l ab i l i t y  o f  
wa te r .  
H ighe r  nodu la t i on  ra tes  occu r red  i n  so i l  o f  pH 6 .0  than  
so i l s  o f  pH 4 .5  o r  pH 7 .0 .  These  d i f f e rences  were  no t  
s i gn i f i can t ,  however .  
Added  so i l  o rgan i c  ma t te r  had  a  s i gn i f i can t  e f f ec t  on  
nodu la t i on  o f  hos t  p lan ts .  Response  t o  t h i s  t rea tmen t  
was  non - l i nea r ,  w i th  g rea tes t  i n fec t i on  occu r r i ng  a t  0% 
O . M .  a n d  6 %  O . M .  w h i l e  l e a s t  i n f e c t i o n  o c c u r r e d  a t  3 %  
O.M.  H igh  nodu la t i on  ra tes  i n  02  O .M.  may  have  been  an  
a r t i f ac t  caused  by  g rea te r  g row th  i n  assay  p lan ts  f o r  
t h i s  t rea tmen t  p r i o r  t o  i nocu la t i on  o f  the  s tudy .  
However ,  ana l ys i s  o f  co r re la t i on  d id  no t  show any  
re la t i onsh ip  be tween  nodu la t i on  ra tes  and  roo t  mass  o f  
ac t i no rh i za l  p lan ts .  
The re  was  no  i n te rac t i on  be tween  so i l  pH ,  mo is tu re ,  and  
o rgan ic  ma t te r  t r ea tmen ts  w i th  respec t  t o  i n fec t i v i t y  o f  
F rank ia  so i l  popu la t i ons .  
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Comb ined  n i t r ogen  was  f ound  to  have  a  subs tan t i a l  e f f ec t  
on  modu la t i on  ra tes  o f  ac t i no rh i za l  b ioassay  p lan ts .  
When  p lan ts  i n  so i l s  w i thou t  added  n i t r ogen  were  
compared  w i th  p lan ts  i n  so i l  w i t h  30  ppm N added ,  t he  
l a t t e r  had  70% h ighe r  nodu la t i on .  
S ign i f i can t  d i f f e rences  were  found  i n  i n fec t i ve  so i l  
popu la t i ons  o f  F rank ia  measured  benea th  p lan t  cove r  
t r ea tmen ts .  Samp les  f rom so i l s  w i th  pop la r  cove r  had  
s i gn i f i can t l y  h ighe r  nodu la t i on  ra tes  than  a l l  o the r  
t r ea tmen ts .  Ba re -so i l - on l y  samp les  were  s i gn i f i can t l y  
g rea te r  t han  g rass  so i l  samp les  bu t  no t  a lde r  cove r  
samp les .  A lde r  and  g rass  so i l  samp les  were  no t  
s i gn i f i can t l y  d i f f e ren t .  These  resu l t s  sugges t  t ha t  
ac t i no rh i za l  hos t  p lan ts ,  o r  any  o the r  p lan t  cove r ,  a re  
unnecessa ry  f o r  ma in ta in ing  i n fec t i ve  F rank ia  so i l  
popu la t i ons .  
Hypha l  g row th  o f  t he  F rank i  a  endophy te  was  shown  t o  
occu r  ou ts ide  hos t  p lan t  roo t  nodu les  under  s te r i l e  
cond i t i ons .  No  ev idence  o f  hypha l  g row th  was  f ound  
under  na tu ra l  cond i t i ons  as  measu red  by  FA  o r  EL ISA 
assays .  I t  may  be  conc luded  f rom these  f i nd ings  tha t  the  
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spo re  fo rm o f  F rank ia  i s  p redominan t  unde r  na tu ra l  so i l  
cond i t i ons .  
Bo th  monoc lona l  and  po l yc lona l  an t i bod ies  were  
su f f i c i en t l y  spec i f i c  f o r  F rank ia  s t ra ins  i n  compar i son  
w i th  he te rogenous  m ic roo rgan isms .  
Ease  o f  samp le  p repa ra t i on  and  g rea te r  ob jec t i v i t y  i n  
measuremen t  o f  t es t  responses  by  EL ISA assay  re la t i ve  to  
the  FA t echn ique  make  i t  a  more  use fu l  t oo l  f o r  
de te rm in ing  so i l  popu la t i ons  o f  M.O.s .  Add i t i ona l  work  
i s  needed ,  however ,  t o  improve  the  sens i t i v i t y  o f  t h i s  
assay .  
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VI I I .  APPENDIX  A :  STATIST ICAL  ANALYSIS  .  
Tab le  8 .1  Ana lys i s  o f  va r i ance  o f  A1nus  g lu t i nosa  hos t  
p lan t  modu la t i on  and  roo t  d ry  we igh t  responses  
t o  so i l  wa te r ,  pH ,  and  O.M.  t r ea tmen ts  
Source  OF SS (10 -3 )  PR >  F  
Modu la t i on  
B lock  2  52 .65  
H20  2  275 .08  
l i nea r  ( I )  (251 .19 )  
1 . 0 . f .  (  1 )  (24 .88 )  
pH 2  28 .60  
O.M.  2  141 .87  
l i nea r  (1 )  (49 .88 )  
1 . 0 . f .  (1 )  (91 .99 )  
ph*OM 4  11 .25  
H20*0M 4  9 .34  
H20*pH 4  29 .72  
H20*pH*0M 8  29 .43  
e r ro r  52  542 .95  
0 .0901  
0 .0001  
0 .0001  
0 .1287  
0 .2633  
0 .0024  
0 .4925  
0 .0045  
0 .8993  
0 .9241  
0 .5876  
0 .9406  
B lock  
H 2 0  
Roo t  d ry  we igh t  
2  55 .87  
2  2657 .58  
0 .2921  
0 . 0 0 0 1  
83 
Tab le  8 .1  ( con t i nued )  
Source  OF SS (10 "^ )  PR >  F  
Roo t  d ry  we igh t  
l i nea r  (1 )  (2618 .07 )  0 .0001  
1 .0 . f .  (1 )  (39 .51 )  0 .1877  
pH 2  15 .88  0 .7013  
O.M.  2  168 .17  0 .0290  
1 inea r  (1 )  (8 .17 )  0 .5468  
1  . 0 . f .  (1 )  (160 .00 )  0 .0097  
pH*OM 4  30 .93  0 .8446  
H20*0M 4  287 .23  0 .0190  
H20*pH 4  108 .42  0 .3135  
H20*pH*0M 8  165 .21  0 .4998  
e r ro r  52  1152 .79  
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Tab le  8 .2  Ana lys i s  o f  va r i ance  o f  A lnus  g lu  t i nosa  
seed l i ng  modu la t i on  a f t e r  3  mo .  i n  so i l  samp les  
t aken  f rom benea th  va r i ous  p lan t  cove r  t ypes  
Source  DF SS PR >  F  
Cove r  3  80 .74  0 .0010  
e r ro r  20  66 .13  
Tab le  8 .3  Ana lys i s  o f  va r i ance  f o r  reac t i ons  o f  pu re  
cu l t u re  m ic roogan isms  to  an t i -Cp I l  an t i body  i n  
an  EL ISA 
Source  DF SS PR >  F  
M ic robe  28  12 .27  0 .0001  
e r ro r  29  00 .08  
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Tab le  8 .4  Ana lys i s  o f  va r i ance  be tween  samp les  f rom 
rep l i ca t i on  I I I  o f  the  so i l  env i ronmen t  s tudy  
assayed  f o r  F rank ia  s t ra in  Cp l l  by  EL ISA.  
D i f f e rences  co lo rme t r i ca l l y  measured  by  
abso rbance  
Source  DF SS ( I 0 ' 2 )  PR >  F  
Abso rbance  34  247  0 .0001  
e r ro r  64  84  
Tab le  8 .5  Ana lys i s  o f  va r i ance  o f  EL ISA assay  response  
to  so i l  samp le  mo is tu re ,  pH ,  and  O.M.  
t r ea tmen ts  i n  rep l i ca t i on  I I I  o f  so i l  
env i ronmen t  s tudy  
Source  DF  SS PR >  F  
H20  2  774  0 .1583  
pH 2  492  0 .2977  
O.M.  2  533  0 .2970  
e r ro r  20  3816  
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IX .  APPENDIX  B :  MEDIA  
1 .  S te r i l e  Nu t r i en t  So lu t i on  :  
MgSOa-yHgO 0 .37  g  
CaC l -aHoO 0 .18  g  
KHoPOa •  0 .33  g  
K2SO4 0 .07  g  
Hoag land ' s  t r ace  e lemen t  
s tock  so lu t i on  *  2  m l  
S tock  i r on  so lu t i on  * *  1  ml  
d i s t i l l ed  H2O 1000  m l  
ad jus t  pH t o  6 .0  
Hoag land ' s  t r ace  e lemen t  s tock  so lu t i on  
H3BO3 2 .86  g /1  
MnCl2 -4H20  1 .81  g /1  
CuSOa-SHgO 0 .08  g /1  
NaMo0A-2R20  0 .025  g /1  
ZnS04-7H20  0 .22  g /1  
* *  
Stock  i r on  so lu t i on  
FeS0A-7H20  5 .56  g /1  
NaoEDTA 7 .45  g /1  
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2 .  M6B P lus  Med ium :  (J .  G.  To r rey ,  Cabo t  Founda t i on  
f o r  Bo t .  Res . ,  Ha rva rd  Un iv . ,  
Pe te rsham ,  MA,  pe rs .  comm. )  
componen t  
Yeas t  Ex t rac t  (D i f co )  
Dex t rose  
Casamino  Ac ids  (D i f co )  
KHoPO,  
MgSOa-yHgO 
CaC lo -ZHgO 
CoC lg  
5 .0  g  
10 .0  g  
5 .0  g  
1 .0  g  
0 .1  g  
0 .01  g  
0 .001  g  
Hoag land ' s  t r ace  e lemen t  so lu t i on  
* 
1  ml  
B -D  v i t am in  so lu t i on  1  ml  
S tock  i r on  so lu t i on  1  ml  
d i s t i l l ed  H2O 1000  m l  
Ad jus t  pH t o  6 .5  
• 
B-D v i t am in  s tock  so lu t i on  
Th iam in  HCI  
N i co t i n i c  ac id  
Py r i dox ine  HCl  
10  mg /100  m l  
50  mg /100  m l  
50  mg /100  m l  
88 
3 .  Fe r t i  1  i  zer  /  pH^  So l  u t i  on  :  
compound  pH 4 .5  pH 6 .0  pH 7 .2  
NaSOi  0 .20  g  
HoSO,  (18  M)  0 .72  m l  
H3PO4 (12 .4  M)  1 .10  m l  0 .27  m l  
KC l  0 .40  g  
CaC l -2H20  0 .32  g  0 .25  g  
MgS0a-7R20  0 .87  g  0 .87  g  0 .87  g  
K2HPO4 0 .30  g  0 .23  g  
MaHpPuA 'HoO 0 .47  g  
CaHPOa 0 .60  g  1 .10  g  1 .53  g  
NaOH 0 .13  g  
KOH 0 .19  g  
Hoag land  t race  
e lemen t  s tock  
so lu t i on  2  m l  2  m l  2  m l  
S tock  i r on  so lu t i on  1  ml  1  ml  1  ml  
d i s t i l l ed  HgO 1000  m l  1000  m l  1000  m l  
Fe r t i  T  i  zer /pH  so lu t i on  fo r  un inocu la ted  con t ro l  
po ts  and  p lan t  cove r  s tudy  po ts  had  30  ppm N added  
i n  the  fo rm o f (NH4)2S04 .  
